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ABSTRACT  
Energy regeneration through heat recovery is practically possible for maximizing energy 
obtained from the sun, by recovering and reusing the heat that is typically lost within energy 
dependent electrical equipment.  Solar thermal systems utilize flat plates or evacuated tube 
collectors which absorb the heat from the sun. Similarly, Photovoltaic (PV) systems absorb 
solar irradiation to generate electricity. A combination of both technologies results in Solar 
Photovoltaic/Thermal (PV/T) systems wherein thermal plates or liquid contained tubes cool 
PV collectors resulting in increased efficiency. Solar Photovoltaic/Thermal Optimised 
(PV/TO) is simply a PV/T module with an improved thermal output designed and investigated 
in this research study. The PV cooling mechanism is important because excessive heat in PV 
panels generates high resistance, which impedes the performance of the solar cell and in the 
process, results in lower efficiency. PV/T systems are also known to produce low thermal 
output which makes them unsuitable for applications already serviced by market-ready solar 
thermal systems. The study is aimed at developing an efficient and cost effective heat recovery 
system which has been designed specifically to improve the thermal output without 
compromising the electrical output of the PV/T module. To achieve this, a survey was 
conducted to understand the PV/T technology market share compared to other solar 
technologies. Furthermore, a prototype was developed to investigate the effect of Peltier 
cooling method on PV cells. Two models (PV/T and PV/TO) were developed using Autodesk 
Inventor Professional and simulated using Autodesk CFD Simulation. The results from the 
simulations were then used with support from the mathematical models developed to determine 
the economic performance study of the two models. The survey results showed that only 11% 
of the respondents are actively participating in PV/T related matters. The experimental results 
showed that Peltier cooling improves performance by 1.1% higher than conventional cooling 
methods. The results from economic performance study showed that PV/TO model can archive 
over 100% solar fraction for the DHW demand of 800 litres/day using only 4 panels whereas 
PV/T model for the same demand and panel size archives just under 80% of the solar fraction 
using 9 panels. The overall results showed that PV/TO model optimise thermal output by over 
150% and can compete with market-matured solar thermal technologies.  
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DEFINITION OF KEY TERMS  
 
IV Curve – This is a graphical representation of the two performance measurements (current 
and voltage) of the maximum conditions tested at STC and the possible practical achievement 
of those conditions when the PV voltage is being supplied to the load at maximum power.  
Steady State Conditions – A system or a process is considered being at steady state if the 
variables which defines the performance of that system remains unchanged over time. This 
conditions enable development of models which can be easily interpreted as opposed to 
transient state.  
Solar Irradiance – The intensity of solar radiation received from the sun  
Thermal Efficiency – The performance characteristic which relates to the fraction of heat 
source which becomes useful work  
Photovoltaic Efficiency – The performance characteristic which relates to how much of the 
solar irradiance is converted into electricity by the cells over a given surface area  
Thermoelectric Cooler (Peltier) – Devices which generates electrical current directly from the 
heat source. They use the temperature of the thermoelectric materials of the hot and cold side. 
As the heat from the hot site piles up, the electrons and poles from the PN junction gets 
excitations, this effect induces electrical field for the flow of charge with the circuit connected 
at the cold side of the device. This device may be used to cool or heat a confined space with 
small fans provided in the adjacent sides.  
Solar Fraction – The performance characteristic which relates to the difference between the 
thermal load supplied by the PV/T and the one to be supplied by the auxiliary equipment in 
cases where the PV/T load cannot deliver to the required temperature or it is not available. This 
difference is measured against the actual thermal demand.  
Renewable Energy – The energy collected from natural resources as opposed to burning of 
fossil fuels for the same purpose.  
Heat Recovery -  The collection of heat which could potentially be lost to the surroundings of 
thermal and electrical depended equipment by re-capturing it through heat exchangers.   
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Stagnation Temperature – highest temperature archived when the fluid in thermal piping 
system of the solar collector is at rest and this temperature is in equilibrium with that of the 
surrounding components caused by the ambient temperature and has the potential to damage 
associated system thermal components  
Overall heat loss coefficient – The total heat loss coefficient which accounts for all modes of 
heat transfer (conduction, convection and radiation) within and outside a thermal liberating 
system.  
Integrated Resource Plan (IRP) – The long term planning of power generation using different 
primary fuel technologies in South Africa based on the projected demand. It may be referred 
to as the document which informs or gives policy makers some sort of direction pertaining 
future power generation.   
Optimised Factor – The ratio of thermal energy provided by the thermal area of the PV/TO to 
that provided by the PV/T area of the PV/TO. 
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CHAPTER 1 – BACKGROUND, PROBLEM FORMULATION AND 
RESEARCH METHODOLOGY 
1.1 Introduction 
This chapter presents and formulate the problem being investigated. The chapter comprises of 
the background to the research area, problem statement, aim and objectives, limitations and 
delimitations. This chapter further outlines the methodologies used in conducting this research 
study. Research  survey, 3D designs and simulations, prototype development and mathematical 
models as well as the economic performance of the models are comprehensively presented in 
this chapter. The benefits of the study are discussed as the concluding topic of this chapter.  
1.2 Background  
The energy sector is globally going through a transition because of increasing demand for 
cleaner energy. Renewable sources of energy are widely being promoted, which calls for more 
research on how best to maximize the energy potential of these greener sources (Da Rosa, 
2005). The energy emitted by the sun is about 3.8 x 1023 kW whereas only about a third of this 
is received on the earth surface, which is estimated at about 1.2 x 1014 kW (Ramos, et al., 
2017). Notwithstanding, the fraction received on earth is not fully harnessed due to a lot of 
system inefficiencies through heat losses. This unlimited amount of energy during sunny days 
may be collected using various collection methods of the irradiance. Solar energy can play 
important role in the Heating Ventilation and Air Conditioning (HVAC) systems of buildings, 
by the application of solar absorption systems in combination with heat recovery systems, 
which can generate both heat and electricity for heating and cooling of residential buildings, 
shipping vessels, commercial facilities and industries (Martinez, et al., 2018).  
 
Energy regeneration through heat recovery is also practically possible for maximising energy 
obtained from the sun, by recovering and reusing the heat that is typically lost within solar 
energy dependent electrical equipment’s. Hybrid Photovoltaic Thermal (PV/T) collectors 
produce both heat and electricity simultaneously from a single collection surface area. The 
basic idea behind the PV/T concept is to collect more of the solar radiation by also harvesting 
the heat which can be lost to the surrounding generated in Photovoltaic (PV) modules. In a 
PV/T collector, a thermal absorber and the photovoltaic cells are integrated into a single module 
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(Kalogirou & Tripanagnostopoulos, 2007 ). The solar radiation that is not absorbed by the cells 
for electricity production and not lost to the atmosphere is transferred to the thermal collector 
positioned at the back of the cells to maximise heat transfer potential to the cells. Working 
fluids such as air and liquids transports the heat away from the PV cells, and the heat lost by 
the PV module is the heat gained by the cooling medium. As a result, both heat and electric 
current and voltage are generated from a single module. Hybrid PV/T systems may be 
implemented as a subsidy to the local energy producing systems to cover a large fraction of 
heat demands at relatively high efficiency with low associated emissions from the entire system 
therefore, enabling emergence of such distributed systems (Ramos, et al., 2017).  
 
PV/T Systems are also known to produce low thermal output and the entire system combined 
is more expensive than standalone PV and flat-plate collectors of the same output. Due to this 
ineffectiveness, their applications are limited to certain situational use such as Domestic Water 
Heating (DWH) for some commercial and residential buildings as well as pool heating. The 
desired application for the PV/T is when there is a demand for heat and electricity and the space 
is limited for the installation. There is an improvement in electrical energy but the heating load 
is sorely depended on the collector area (number of panels needed to archive the desired daily 
load), hence more panels will have to be installed to archive the desired collection area which 
will increase the mean temperature of the circulating fluid and slightly reduces the electrical 
performance. Flat-plate collectors will then be the preferred technology over PV/T for meeting 
the heating load requirements with only a few panels installed and thus reducing the overall 
cost of installation and operations and further enhancing an investment appetite for this 
application due to the expected better return on investment over the conventional PV/T 
technologies. Based on limitations experienced by existing variants for this application, it is 
desired to develop a framework for the design of a Photovoltaic/Thermal Optimised (PV/TO) 
technology which shall have an improved thermal efficiency and thus be cost effective so as to 
provide a better return on investment. The PV/TO shall offer fair market competition to 
conventional thermal technologies for heating applications and becomes more favourable due 
to its incorporation of the electrical modules in its configuration which shall further increase 
the overall efficiency of the system.  
 
The research report incorporates six (6) main topics of discussions sectioned and sub-sectioned 
into commercial considerations aligned with the Integrated Resource Plan (IRP) 2019, 
3 
 
interpretation of the survey results, 3-Dimentional (3D) designs of the first (1st) and second 
(2nd) concepts using Autodesk Inventor Professional 2018, prototype developmental 
validations of the 1st concept, Computational Fluid Dynamics (CFD) simulations of the 2nd 
concept (final design of the PV/TO) and commercial performance analysis of the final design.  
 
Introductory sections are presented in this chapter comprising of background, problem 
formulation and research methodology. Comprehensive literature is presented in chapter two 
(2) of this research paper.  
 
Commercial considerations incorporating the energy sector in South Africa and providing 
Insights and analysis of the IRP 2019 is presented in chapter three (3).     
 
A survey was conducted with an objective to investigate the attractiveness of common 
renewable energy technologies in the market. The 1st concept of the PV/TO design was to 
incorporate the effect of thermoelectric coolers (Peltier) on the electrical and thermal 
performance of the proposed technology where the prototype was developed and tested. The 
2nd concept of the PV/TO design was to incorporate the results of the effect of thermoelectric 
coolers (Peltier) on the electrical and thermal performance of the proposed technology for 
refinements which will govern the final design concept (design concept 2).  
 
Design philosophies and modelling (3D and mathematical models) of the two design concepts 
are presented in chapter four (4). In the chapter, comprehensive mathematical analysis which 
defines the performance of the PV/TO design concept 2 is clearly defined and the final 
equations (thermal and electrical efficiencies) which determines the overall module 
performance are discussed in a logical manner based on literature.  
 
Survey results, design concept 1 experimental validations and design concept 2 CFD simulation 
results are presented and discussed comprehensively in chapter five (5).  The simulation results 
are further analysed to determine the economic feasibility of the PV/TO as compared to 
conventional PV/T systems using equations developed in chapter 4.  
 
The overall conclusions and recommendations for the above-mentioned main chapters of this 
research paper are found in chapter six (6).  
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1.3 Problem Formulation  
1.3.1 Problem Statement  
There is a significant efficiency drop in solar PV panels because high surface temperature 
impedes the performance of solar cells and in the process, lowers the output of electricity 
produced. Solar thermal systems utilize flat plates or evacuated tube collectors which absorb 
the heat from the sun. Similarly, PV systems absorb solar irradiation to generate electricity. A 
combination of both technologies results in solar PV/T systems wherein thermal plates or liquid 
contained tubes cool PV collectors resulting in increased efficiency. PV/T systems are currently 
sold at relatively high costs as compared to combined PV and solar thermal systems and their 
availability is limited. PV/T systems provides advantageous benefits when there is demand for 
both heat and electricity over a limited collection area. The economic feasibility of PV/T 
installation as compared to solar thermal system is compromised due to its high initial purchase 
cost of the collectors to archive the same energy requirements, as the collection area will need 
to be increased (install more expensive collectors) due to their low thermal efficiency and this 
ultimately makes the entire system economically disadvantaged unless the government 
provides incentives for system costs for the use of renewable energy technologies (Aste, et al., 
2012). For these reasons, the market for PV/T systems will only be limited to certain 
applications. It is desired to design a more efficient and cost effective heat recovery system for 
capturing excessive heat from the collection surface of the PV panel while ensuring that 
electrical performance of the module is not compromised.  
1.3.2 Research Aim  
The research is aimed at providing a design framework by modifying the configuration of the 
conventional PV/T with hopes to improve its thermal performance without compromising its 
electrical performance by designing a new module called a PV/TO which will be suitable for 
low to medium applications for demand anchorage and have economic advantage over 
conventional PV/T systems which shall enhance market competition to conventional solar 
thermal systems.  
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1.3.3 Research Objectives  
To investigate what could be the reasons for limited market growth and/or penetration in 
conventional PV/T modules globally and in South Africa as compared to PV and flat-plate 
collector modules.  
 
To investigate practically, the effect of thermoelectric cooler (Peltier) unit on the performance 
of the PV/TO so as to provide justifications for its incorporation in the final design framework.  
 
To build and test the initial PV/TO design by building a prototype which shall inform 
constructive refinements in the final design framework.  
 
To develop mathematical models of the 3D design which governs the performance of the final 
PV/TO design.  
 
To perform simulation analysis using CFD software which informs the performance of the 
PV/TO model.  
 
To perform a comparative cost analysis between the conventional PV/T modules and the 
proposed PV/TO modules based on the performance study for the South African context 
supported by the analysis of IRP 2019.  
1.3.4 Limitations  
The desired simulation software was TRNSYS (Transient Systems Simulation Program) for 
simulations based on vast reference for PV/T application in the literature. The licensing for use 
of the software limited the simulation choice were CFD simulation software was selected as an 
alternative and was used in this research.  
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1.3.5 Delimitations  
Prototype development of the proposed PV/TO is out of scope for this project and the analysis 
is based on prototype results from the 1st concept design, the mathematical models developed 
and CFD simulation results.  
 
The survey conducted was based on the South African context for their perceptions on the 
renewable energy technologies and only limited to the sample of a 100 participants. The global 
survey was not assessed for the same reasons hence survey findings will strongly address the 
perception of those South Africans with backing from literature.  
 
Practical validations of the prototype will only be limited to the Pretoria region and tests will 
only be performed in that location. Tests will also be limited to the summer season and the 
prototype will not be tested throughout the year. The prototype tests mentioned above only 
tests a certain operational condition which cannot be archived by any other theoretical means 
outside of testing and these tests informs the final design of the PV/TO. It is however 
mandatory for tests to be carried out throughout the year and on different geographical 
conditions after developing the prototype for the final PV/TO design. 
1.4 Research Methodology  
1.4.1 Literature  
The study followed an exploratory method, which involved holistic review of past works from 
literature. The first are of focus was to research about the limitations experienced by the PV/T 
systems and the market share this technology has in comparism with other solar technologies. 
The second area of focus was the number and frequency of research and developmental work 
performed worldwide pertaining the PV/T technologies addressing these limitations with hopes 
to understand if researchers and manufactures are still interested in the development of this 
technology. The third area of focus was to research about different types of PV/T technologies 
already validated by academics so as to avoid design duplication. The fourth area of research 
was the methodologies adopted in these research studies either based on simulations, 
mathematical modelling and experimental validations to gather the methods to use which are 
currently acceptable for performance comparism purposes.  
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1.4.2 Survey  
A survey of 100 participants was conducted around the Gauteng province in South Africa, 
specifically around Pretoria and Johannesburg regions. The survey was done for the local 
context and was through face to face interactions. The survey was specifically conducted to 
understand how well in terms of the market share do solar renewable energy technologies have 
in the public domain specifically to understand the level of maturity and participants interest 
in the PV/T technology. 8 questions were presented in the survey and was divided into 4 
categories (renewable energy, solar Flat-Plate technology, solar PV technology and solar PV/T 
technology) 2 questions on each category making a total of 8 questions per survey.  
The participants who were involved in the survey were most likely to know about the renewable 
energy technologies due to the field of study and practice they are subjected to as per the criteria 
used to select these participants. Of the 100 participants, 60 were Engineering students from 
the universities, 20 were Engineering professionals from the universities and 20 were local 
manufactures and sellers of solar energy technologies. Of the 60 Engineering students 
interviewed, 20 were from the University of Johannesburg (UJ), 20 from Tshwane University 
of Technology (TUT) and 20 from the University of Witwatersrand (Wits). Of the 100 
participants, the proportion of females to males were 50/50.  
1.4.3 3D Design (Concept 1)  
The design was developed based on lapses of current systems identified in literature and was 
also designed to investigate the practical effect of thermoelectric cooling of PV/TO modules 
as to make informed decisions for the final design of the PV/TO. The design of the model was 
carried out using Autodesk Inventor Professional 2018 and 3D technical drawings were used 
to reproduce the model in terms of manufacturing during the prototype development stages.  
1.4.4 Prototype Development (Concept 1)  
Manufacturing Constraints  
The PV cells are not manufactured in South Africa and only the pre-assembled modules can be 
found in the country, hence pre-tabbed cells were imported from China. The copper absorber 
sheets are also difficult to find in common hardware stores hence were also imported from 
China. The Peltier unit was not available for most of the stores in Gauteng province hence were 
bought from the Western Cape province. The assembly of the cells requires some time and 
patience due to the difficulty of getting the right soldering amount which will ensure that less 
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protrusions occur which causes uneven arrangement of the module rather than flat arrangement. 
The same protrusion problem exists in assembling the bends and fittings to the main copper 
tubes. The protruded welds cause unwanted spacing between the copper contacts and 
minimises heat transfer potential. The design required a transparent glass to be drilled holes for 
the copper tubes to pass through and a square cut in the middle to hold the Peltier unit and this 
was difficult with manual glass cutting methods.  
Testing Procedure 
The date for testing was first determined based on the optimum and extreme conditions 
(seasonality) feasible to run the tests near STC in South Africa. To archive this, the hourly 
Global Horizontal Irradiance (GHI) data for four years was first obtained from the South 
African Weather Services (SAWS) to trace under which months do we get conditions near STC 
which will be applicable for the prototype to be developed and tested during that period. From 
the data, it was established that the tests will be conducted between September and October 
2019.  
 
The initial iterative tests were conducted in September 2019 to determine the optimum short 
circuit current and open circuit voltage of the panel. The optimum flow rate which results in 
maximum collection from the collector was also tested during that period. The actual tests were 
conducted in October 2019 using the results from September as the basis for performance 
reference. Four tests were conducted, The initial operating conditions, water flow tests, water 
flow and Peltier effect tests and Peltier effect tests.  
Initial Operating Conditions 
Firstly, the Pyranometer App was used to determine live irradiance from the test location. A 
Multimeter was used to determine the short circuit current and open circuit voltage of the 
PV/TO module. The power resistor capable of utilizing the optimum power of the module was 
pre-determined by calculations and purchased instead of using variable resistors as identified 
in the literature. The initial load current and voltage were measured as well as the operating 
environmental conditions (wind speed, module temperature, ambient temperature and 
humidity).  The load readings were simultaneously recorded using a smartphone camera.  
Water flow tests  
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Firstly, the irradiance was again measured using the Pyranometer App for this tests. The 
operating environmental conditions were measured. The liquid inlet temperature was measured 
using a digital thermometer and the optimum flow rate was set based on September results. 
Water was then allowed into the PV/TO module for 10 minutes and load voltage and current 
results were measured using two digital Multimeter and simultaneously recorded using a 
smartphone camera. The liquid outlet temperature was measured and the average recorded for 
the duration of the tests.  
Water flow and Peltier effect tests 
Firstly, the irradiance was again measured using the Pyranometer App for this tests. The 
operating environmental conditions were measured. The liquid inlet temperature was measured 
using a digital thermometer and the optimum flow rate was set based on September results. 
Water was then allowed into the PV/TO module for 10 minutes, in the same period, the Peltier 
unit was turned on using a battery as a power source. Load voltage and current readings were 
measured using two digital Multimeter and simultaneously recorded using a smartphone 
camera. The liquid outlet temperature was measured and the average recorded for the duration 
of the tests.  
Peltier tests 
Firstly, the irradiance was again measured using the Pyranometer App for this tests. The 
operating environmental conditions were measured. The Peltier unit was turned on for 10 
minutes and load voltage and current results were measured using two digital Multimeter. The 
load readings were simultaneously recorded using a smartphone camera.  
Performance evaluation  
Current-Voltage (IV) curves were used to determine performance for each test. Generic thermal 
and electrical efficiency equations were also used to determine performance for these tests.   
1.4.5 3D Design (Concept 2) 
The design was developed based on lapses of current systems identified in literature and was 
also informed by the investigations carried out during prototype testing of design concept 1 
which aimed to investigate the practical effect of thermoelectric cooling on PV/TO modules. 
This design ensures that thermal output of the PV/T module is improved while maintaining its 
electrical efficiency. The design of the model was carried out using Autodesk Inventor 
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Professional 2018 and 3D models were used to formulate mathematical and simulations 
models.  
1.4.6 3D Design Simulation (Concept 2) 
Simulation Procedure (PV/TO and PV/T) 
This simulation is carried out using Autodesk CFD Simulations 2019. The 3D model of the 
design concept 2 was imported from Autodesk Inventor and a new design study was created. 
Firstly, the model components are assigned materials (common materials exists but designers 
may create their own material provided that its properties are known). These materials are 
assigned to individual components, material properties for our model are found in design 
philosophies. The second step is to create tube inlet and outlet layers to enable setting the 
boundary conditions for the working fluid. The space in the model not assigned will 
automatically be filled with air.  
 
Based on findings from literature pertaining useful heat contained in the fluid and the one 
collected by the absorber for flat plate collectors and heat generation in PV modules, the 
boundary conditions were set accordingly. Inlet boundary conditions were assigned to the fluid 
inlet (volume flow rate and inlet fluid temperature). At the outlet, 0 Pa pressure was applied to 
enable results to be generated for that layer after the simulation has ran. Heat generation was 
applied in the absorbers of the model with the set amounts based entirely according to literature. 
The ambient temperature was also set to the entire surface of the model.  
 
An automatic mesh was then generated after setting model boundary conditions. The mesh for 
this model enforce alteration from course to fine mesh for fine surfaces and volumes. The solver 
(set for flow and heat transfer) was then generated with 100 iterations performed for all 
simulations. 5 simulations were conducted with different heat fluxes (200, 400, 600, 800 and 
1000 W/m2) for the conditions set. These simulations are for PV/TO model. The same 
conditions were set for the PV/T model of the same size with the PV/TO as to enable 
performance comparism between the two models. Only one simulation for the PV/T model was 
conducted at a heat flux of 1000W/m2 since we only required this simulation for comparism 
purposes only.  
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CFD simulations results are used to calculate thermal efficiency of the model based on the fluid 
inlet and outlet temperature before and after heat transfer which is archived by running the 
simulations.  
Mathematical Models  
The equations which governs the performance of the model were generated mostly from the 
heat transfer knowledge and steady state theory of the flat-plate collectors. These together 
coupled with other models developed in literature enabled comprehensive analysis of the 
performance parameters of the PV/TO mathematically. Some new simple equations were also 
developed to further validate the performance of this model.  
Performance Evaluation based on Simulation and Mathematical Modelling Results  
The equations developed in the mathematical modelling and CFD simulations results are used 
in the economic case study comparing performance between the conventional PV/T modules 
and the developed PV/TO modules. These utilizes almost all parts of the dissertation and 
provides insights on the overall results.  
 
1.5 Benefits of the Research  
The transition from fossil fuel energy to renewable energy proves to be evident in South Africa, 
as policies are now advocating and favouring green economy in the global market. The IRP 
2019 supports power generation using renewable energy to be increased considerably by 2030 
as the local utility company Eskom is on a process of decommissioning their old coal power 
stations. In South Africa, more private residential and commercial buildings are installing roof 
thermal water heaters and PV arrays to supplement mostly the basic energy intensive loads.  
The newly build houses in the local township and suburban communities are also installing 
these technologies at the faster rate. The study aims to make alignment to the transitional energy 
choice evident in South Africa so as to support local communities (especially residential) to 
incorporate technologies which are both cost and energy efficient as they transit to cleaner 
energy generation.  
 
It is mandatory to effectively manage energy consuming systems. Each system should be 
designed in the beginning with efficient energy objectives to be economically feasible for 
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manufacture of products or heating services. A well designed system will include a means of 
monitoring the energy demand and the supply and distribution so that it can be adjusted to 
operate to selected values of the parameters which will usually be temperatures at the main 
points in the system. Most energy-using systems and buildings can be made more efficient by 
an application of common sense method of preventing heat loss to the surroundings and 
lowering temperature losses where possible since the heat loss is proportional to the 
temperature difference. Thermal technologies often releases wasted heat of about 40 -60% 
which can be re-utilized for the basis sustainability, cost related matters, reliability and 
performance optimization of the system (Eastop & McConkey, 1993).  
 
Solar energy is available in the whole world, more in some parts of the world than others and 
can play an important role in facilitating energy independence. Solar thermal technologies in a 
thermal output range between low and medium can generate heat for many diverse commercial, 
residential and process heating applications which generally forms a natural distributed energy 
provision system with high reliability (Da Rosa, 2005). The renewable energy sector employs 
over 9.5 million people worldwide, of which 3.7 million are in the solar sector (including 
photovoltaics, solar heating and cooling) (Da Rosa, 2005). The delivery of solar technology 
for many diverse applications imposes no environmental impacts and helps to combat global 
warming and catastrophic climate change unlike the delivery of conventional systems which 
uses fossil fuels which in turn releases the carbon back to the atmosphere through the emission 
of greenhouse gases. Currently the market suggests that many of the solar thermal systems are 
experiencing declining costs although the implementation of solar technology might be costly 
when it comes to storage and distribution, the PV/T solar systems are part of the category where 
the technology has improved in recent years which imposes the fact to reduce risk in any plans 
to invest in the technology (Jager, et al., 2014). With this technological improvements, it is 
imperative to develop more and more technologies which offers a diverse choice to consumers 
so as to avoid monopolistic price of a single solar thermal technology which is highly 
competitive in the market.  
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CHAPTER 2 - LITERATURE REVIEW  
2.1 Introduction  
This chapter presents a comprehensive literature review of past work or similar work related 
to this research study. The literature outlines key focus areas of the research and identifies 
limitations which provides a design basis for the problems being investigated. The literature 
further reviews the methodology adopted in similar studies and presents theoretical and 
experimental findings of these studies. The literature further exposes the problem to the core 
to clearly understand from first principles the main parameters of focus. 
2.2 Literature review 
2.2.1 Wind energy systems 
 
Figure 1: Onshore Wind Turbines (Yang, et al., 2017) 
 
Wind power considered as one of the most efficient, scalable and affordable renewable energy 
technology (Anon., 2019). It uses a simple principle of operation where wind turns the turbine 
plates as shown in Figure 1, which consists of a rotor of which a generator is turned to produce 
electrical power. The wind turbines may be installed both offshore and onshore, where offshore 
is favourable due to consistent winds but undesirable in terms of the complexities with-regard 
to maintenance and operations (EERE, 2019).  
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2.2.2 Hydro-electric Systems  
  
Figure 2: Hydro-electric plant (American-Rivers, 2019) 
 
Hydropower uses water to produce electricity. Water from the reservoir shown in Figure 2 
flows through a turbine which rotates and drive the generator to produce electricity. Three 
facilities are common for hydropower which differ by how water is being utilized to turn the 
water turbine. Diversion, impoundment and pumped storage are common facilities for hydro-
electricity (EERE, 2019). Plants vary in size depending on the type and the applications where 
some may be used for continuous power while some are used for regular or short-term 
production of electricity (Anon., 2019).  
2.2.3 Photovoltaic Systems  
  
Figure 3: Photovoltaic/Thermal module 
 
This technology illustrated in Figure 3 uses solar cells made from silicon to directly convert 
the sun radiation into electrical power. A PV module is made up of individual cells which are 
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connected either in a series or a parallel configuration to obtain the desired power requirements. 
The most common type of cells in the current market are mono and polycrystalline cells.  PV 
modules can be glazed (covered with a protective transparent cover of glass) or unglazed (non-
covered) and some could be tracking the sunlight while others are stationery positioned at the 
right location in relation to the sun irradiance. PV modules can be configured to produce more 
power in an array setting (connection of PV modules) and generate power in grid connected or 
as a stand-alone application. Irrespective of the application, they are usually installed with 
inverters to convert Direct Current (DC) power into Alternating Current (AC). The power 
produced from these system is usually stored in lithium-ion batteries and may be used at night 
when the sun is not available in a case for off-grid applications.   
2.2.4 Thermal Solar Systems 
Solar Water Heaters (SWH)  
Flat-Plate Thermal Collectors  
 
Figure 4: Flat-plate collectors  
 
These are far most common types of collectors. They are dark coloured absorbers which water 
flows through the series of pipes as illustrated in Figure 4. They are highly insulated to retain 
the heat and the front is covered with Low-Emittance (Low-E) coating/glass. Cool water flows 
in at the bottom tubes and warm water flows out at the top tubes. This is because heat is 
transferred from the absorber to the cold liquid in the tubes, this is conductive heat transfer and 
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the cold water will remain at the bottom while the warm water migrates to the top, this is 
convective heat transfer. The system may be direct where the pump is used or indirect where 
the liquid is thermosiphon (using gravity/potential energy) for the liquid movement (Thorpe, 
2011). 
Evacuated Tube Collectors  
 
Figure 5: Evacuated tube collectors 
 
Evacuated tube collectors almost similar to the flat plate collectors consists of row of parallel 
glass tubes as illustrated in Figure 5 and inside each tube is the air that is been removed. They 
have a long collector coated with black selective surface which prevents the non-visible 
infrared light radiating out. The collector is at an angle facing towards the sun for optimum 
radiation collection. Using the same principle for conductive and convective heat transfer as 
the one for flat plate collectors, the heat is conveyed to a manifold at the top of the tube where 
it passes through a coiled tube heat exchanger inside the storage tank. Evacuated –tube 
collectors are slightly efficient than the flat-plate collectors usually due to the fact that they do 
not re-radiate much of the captured heat (Messenger, 2004).  
Concentrating Solar Power (CSP) 
Parabolic Trough  
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Figure 6: CSP parabolic trough  
 
The CSP technology is used for power generation where the heat transfer medium is 
concentrated to archive high temperatures in the steam turbines which in turn a generator is 
used to generate electric power. This type CSP technology concentrate and focus solar radiation 
using the curvature of the mirrors to focus the radiation onto the pipe (through which heat 
transfer medium circulate) situated along the pivotal axis of the parabolic mirrors shown in 
Figure 6. The mirrors are tracking the sun on a single axis throughout the day. Depending on 
the heat transfer medium, temperature in an order of 400 ºC for oil and up to 560 ºC for molten 
salt can be obtained in the steam engines. This is equivalent to temperature levels which are 
archived in steam turbines used in coal and gas powered generation (Anon., 2019).  
Central Tower  
 
Figure 7: CSP central tower  
 
This type of CSP technology focuses the solar radiation onto the flat mirrors called the 
heliostats to a focal point located at the top of the central tower. The height of the tower 
depending on the capacity requirements of the power plant can be from 30 – 200m above 
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ground level illustrated in Figure 7. The heat transfer medium is heated at the top of the tower 
and temperatures for this type of CSP are considerably higher than the ones archived in the 
parabolic trough or the Fresnel power plants. This ultimately means that central towers can 
archive significantly higher efficiencies (Anon., 2019).  
Linear Fresnel   
 
Figure 8:Linear Fresnel reflectors (Wesoff, 2014) 
 
This type CSP technology is similar to the parabolic through but the curvature of the long 
mirrors is slightly curved or not curved at all shown in Figure 8. They concentrate and focus 
the solar radiation using mirrors in a linear manner to the receivers (through which heat transfer 
medium circulate inside the pipes) mounted above them (Anon., 2019). Due to the similarities 
they share with parabolic troughs, the economic advantage would relate to the construction 
simplicity and efficient land use than any other type of solar parks (Gunther, 2011).  
Hybrid systems  
 
Figure 9: CSP integrated hybrid plants (Power-Engineering-International, 2014) 
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Figure 9 illustrates hybrid power plants which entails the combination of CSP power plants 
with other power generating technologies. CSP plants are usually combined with a steam plant 
and combined-cycle gas plant to form an Integrated Solar Combined-Cycle (ISCC) power 
plant. In this plant, heat generated by the CSP and heat recovered from the combined-cycle gas 
plant are used to heat steam supplying the steam turbine. At recent, there are several initiatives 
aiming to combine CSP technology with a PV technology (Anon., 2019).  
2.2.5 PV Module Cooling Technique – Hybrid PV/T Technology (Forced Water Circulation Cooling)  
The PV cooling techniques should be adequate enough to stabilise and keep the cell operating 
temperature at high-performance levels (preferably low temperatures), the technique should 
not be complex and unreliable and it should utilise the extracted thermal output (which would 
otherwise be lost to the surrounding environment) for other processes which shall enhance the 
overall system performance (Siecker, et al., 2017). A considerable number of cooling 
techniques previously analysed correlate on process wasted cooling medium and heat, meaning 
that the applied PV cooling methods waste the cooling medium (mostly water) during the 
process and some of the processes make it complex for the heat to be recovered and utilised 
for heating purposes (Dubey & Tiwari, 2008) and (Siecker, et al., 2017). Floating Tracking 
Concentrating Cooling (FTCC), Hybrid solar PV/T system (water spraying cooling), Hybrid 
solar PV/T system (heat sink cooling) and Transparent Coating (photonic crystal cooling) are 
some of the techniques which tend to waste the cooling medium and heat during the cooling 
process (Siecker, et al., 2017).  
Hybrid solar PV/T system (forced water circulation cooling) is the most common PV cooling 
technique after air cooling, which effectively increases the electrical efficiency of the module 
(Tang, et al., 2010). In this system, the PV module incorporates the flat-plate collector 
underneath with liquid contained tubes to extract excess heat from the panel surface. Water is 
the most common fluid used as a forced circulating medium via a DC pump usually powered 
by an external source. This arrangement improves the overall system performance as electrical 
and thermal energy are simultaneously generated from the same panel area through solar 
energy convergence (Siecker, et al., 2017). This cooling technique is the most effective, 
however, due to the flow rate being kept constant, it cannot reach optimal efficiency and 
recommendations are made to regulate the flow rate according to changes in module 
temperature. When the flow rate is not regulated according to this temperature change, the 
thermal output is usually negatively affected (insignificant liquid thermal gains and significant 
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electrical output and vice versa) which decreases the overall system performance (Siecker, et 
al., 2017).  
2.2.6 History of PV/T Technologies  
Initiative.  The photovoltaic effect (conversion of solar radiation into electricity) was first 
documented by Edmond Becquerel in 1839. The work done by W. Smith was confirmed in 
1877 by W.G Adams and R.E. Day. This laboratory phenomenon was then considered as a 
potential source of electricity and in 1954, the construction of a silicon solar cell got underway 
with an efficiency of 6% (Mickey, n.d.). These solar cells became familiar between the 1960s 
and 1970s powering space vehicles. The first systematic research work for integrating the 
possibilities of combining the PV and solar thermal technologies was performed in the early 
1980s at MIT (Van Helden, et al., 2004) but a significant progressive research and 
developmental work on PV/T technologies has been done since the 1970s with the focus area 
on in hybrid PV/T collectors for their applications in buildings (Aste, et al., 2012). 
Comprehensively looking at the literature on PV/T collectors, (Van Helden, et al., 2004) 
concluded that research and development on PV/T technologies are given little attention and 
conducted in small programs widespread around the world and as a result, the PV/T 
development had to restrict itself to market-ready individual PV and solar thermal technologies.  
PV/T collectors are simply a technology that combines the PV module with conventional 
thermal collectors with liquid/air contained tubes attached underneath the cells to extract 
excessive heat generated on the surface of the PV panel. The rationale is to increase the 
electrical performance of the PV cells which is impeded by an increase in surface temperature, 
this simultaneously results in heat transferred to the circulating fluid which can be used for low 
temperature applications (<100ºC).  
The type of circulating medium, the configuration, and applications of PV/T collectors 
provides a distinction in the classification of these collectors. The integration of glazing further 
distinguish the collectors based on their applications (Kaya, et al., 2013 ). Liquid contained 
PV/T collectors, air contained PV/T collectors, concentrated PV/T collectors are the different 
types of PV/T collectors available in the market. Furthermore, building integrated collectors 
may also be considered as the type of PV/T collectors which are evident in the current market 
(Cieslakiewicz, 2016 ).  
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Research and development within the PV and PV/T technology of highly efficient and low cost 
PV modules are currently undertaken. The current norm for PV efficiency ranges from 14 – 
21%. There are several studies showing the potential for gallium-based cells with efficiencies 
reaching the order of 40% under tracking/concentrated sunlight and have the potential to 
operate at elevated temperatures (this would bring a considerable transformation in the PV/T 
sector) (Ramos, et al., 2017). Advanced thin-film PV technologies are also under promising 
research and development.   
2.2.7 Material Selection Criteria for Collectors  
In order to attain high efficiencies in solar water heating, high solar absorbance and low thermal 
emittance materials are required. Materials such as Aluminium, Copper and Stainless Steel are 
mostly used as solar absorbers. This is because they have high thermal conductivity and high 
infrared reflectance. These materials are used together with anti-reflection and metallic coating 
for protection purposes as well as to improve the solar radiation converting efficiency (Lynn, 
2010). There are developmental innovations for solar thermal system with the intention to 
reduce the module costs and ultimately lowering costs associated with raw materials and 
manufacturing. These innovative materials are polymeric and are used to manufacture solar 
thermal absorbers. The advantage provided by polymeric materials is amongst others, lighter 
in weight than conventional aluminium or copper, providing an additional benefit to the overall 
system installation (Ramos, et al., 2017).   
2.2.8 Limitations of PV/T Technologies  
Previous studies which have been linked to economic evaluations of the PV/T technologies are 
the ones performed by (Aste, et al., 2012) and (Kaya, et al., 2013 ). Both these studies focused 
on economic feasibility of using PV/T modules to cover the fraction of heat required in DHW 
and hence the solar fraction calculations which was linked to economic beneficiation was the 
key factor for determining their conclusions.  
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Figure 10: Calculated solar fractions for different collector areas ( (Aste, et al., 2012) 
 
In their analysis supported by Figure 10, for regions with warmer climatic conditions (Palermo 
and Roma), high solar fraction is observed than regions with colder climatic conditions 
(Milano) for the same area of collection. As the collection area increases, high solar fractions 
are observed in a non-linear functionality. The reason for the observation as discussed by (Aste, 
et al., 2012) was due to the correspondence of considerably high number of installed collectors 
correlating to lower thermal efficiency. The largest number of collectors depending on the 
medium flow rate increases the heat transfer fluid average temperature in individual loops and 
thus reducing both thermal and electrical efficiencies.  
 
 
Figure 11: Economic payback periods with electrical boilers as auxiliary loads 
 
As per the illustrations in Figure 11, the payback period is observed to have minimum values 
when the least solar fraction (around 40 - 50%) is covered for colder climates and has maximum 
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values when significant solar fraction (around 60%) is covered for warmer climates. This 
however means that high auxiliary loads are required to cover the balance for colder conditions 
than in warmer climatic conditions. Payback period is therefore better for warmer climatic 
conditions (Aste, et al., 2012). To change the outcomes of the economic feasibility of the PV/T 
systems, approximately 10% incentives on purchasing cost would make the system to be 
feasible, the enabling body for providing incentives on sustainable energy systems is usually 
the government (Kaya, et al., 2013 ). The payback period is reduced considerably when the 
PV/T system have incentives on purchasing costs.  
 
Figure 12: Cell temperature as a function of temperature ( (Dean, et al., 2015) 
 
High surface temperature on the PV panel induces the solar cell to overheat and in the process,  
electrical output is decreased (Dean, et al., 2015) where this relationship is illustrated in 
Figure12 above. Solar cells in PV collectors suffer lower temperature stresses, which are 
known to give rise to major causes for PV module failure due to cell breakage, encapsulation, 
discolouration and delamination (Ramos, et al., 2017) . This is according to the Imperial report 
in London.  
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2.2.9 Statistical Analysis of Solar Thermal Systems and PV/T Applications  
 
Figure 13: Temperature levels for different needs ( (Ramos, et al., 2017) 
 
Figure 13 describes different classifications for solar thermal technologies. Heat is provided by 
varying solar thermal technologies to meet different energy requirements. For outlet 
temperature requirements in a range of 80 – 100 ºC, flat-plate collectors with glazing may be 
utilized. This are well suited or classified as medium temperature applications. When 
temperatures requirements are well above 100 – 150 ºC, the consideration for the technology 
may be that of evacuated tube collectors and heat pipes and are classified as high temperature 
applications. For temperature requirements greater than 200 ºC, concentrated collectors may 
be considered which may be classified as very high temperature applications. Most commercial 
and domestic temperature requirements fall in a low-medium application with temperature 
requirements ranging from 20 - 150 ºC (Ramos, et al., 2017).  
Currently, the market for thermal solar technologies is small but increasing significantly. In 
2015, energy source from renewables provided almost 14% of the global total supply of which 
solar accounted a fraction of about 2%. However, this growth from 1990 has been at a faster 
rate compared to other renewable sources. PV technologies on average per year was growing 
at a rate of 46.2% and solar thermal at 11.7%. The growth was not due to technological 
innovation but was rather due to national policies that have supported the renewables (Ramos, 
et al., 2017). The global market for solar heating is mainly for DHW and space heating 
applications.  
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PV/T modules increases the longevity of PV cells due to their lower operating temperatures, 
mostly in applications such as hotels, heat pumps, swimming pools and underfloor heating. 
Provided the benefit that PV/T modules provide in terms of combining solar thermal and PV 
technology, only a small number of solar technology manufacturers are producing them and 
the market remains small (Ramos, et al., 2017).  
2.2.10 Thermoelectric Coolers (Peltier Technology)  
Thermoelectric generators are devices, which generates electrical current directly from the heat 
source. They use the temperature of the thermoelectric materials of the hot and cold side. As 
the heat from the hot site piles up, the electrons and poles from the PN junction gets excitations, 
this effect induces electrical field for the flow of charge with the circuit connected at the cold 
side of the generator. For better conversion of heat to electricity, it is significant for 
thermoelectric materials to have low thermal and high electrical conductivity as to 
accommodate the temperature rise to the cool side, which increases the electrical resistance 
hence, lowering the output produced (Jensen, et al., 2010). It is mandatory for the cool side to 
be maintained for a considerable temperature difference of the thermoelectric materials. 
Typical conversion efficiency for these devices are approximated to be around 5 -8%, with this 
mentioned, these devices are suitable for low power applications (BCS, 2008).  
 
Figure 14: Peltier kit 
 
For the thermoelectric cooler unit shown in Figure 14, fans and heat sinks are used in between 
the extracting (hot side) and exhausting surfaces (hot side). The smaller fan draws heat from a 
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conditioned space and transfers the heat to the bigger fan underneath which exhaust the heated 
air on the other side of the conditioned space. This “Peltier Effect’’ results in cooling on one 
side and heating on the other side. They typically consume around 30 – 90 Watts of the 
electrical output depending on the size (Tahakkar, 2016 ).  
2.2.11 Current-Voltage Curves  
  
Figure 15: Typical IV Curve (Seaward-Group-USA, 2019) 
 
Standard Test Conditions (STC) 
The back of the PV module has information related to its performance ratings based on a set 
conditions which can be described by the curve illustrated in Figure 15. When PV modules 
have been manufactured, they have to undergo a performance rating before being 
commercialised and hence determining the rating plate values carried on an I-V curve 
measurement. The conditions which have been made standard for the tests are called Standard 
Test Conditions (STC) and relates to an irradiance of 1000W/m2, module temperature of 25 ºC 
and an air mass (AM) of 1.5. To practically measure PV performance, the parameters measured 
must therefore revert back to standard conditions (Seaward, 2019).  
 
Important parameters on an I-V curve  
On the I-V curve, there are about five parameters which are directly related to the performance 
of a PV module. These parameters are described below;  
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 Isc – the short circuit current measured when the voltage of the module is set to zero.  
 Voc – the open circuit voltage measured when the current is set to zero.  
 Vmp – the maximum possible voltage a module can produce.  
 Imp – the maximum possible current a module can produce.  
 Pmax – the maximum rated power a module can produce and it is the product of Vmp 
and Imp.  
 
Temperature and irradiance effect  
Increasing cell temperature decreases voltage, slightly increases current, and results in a net 
decrease in power. Decreasing cell temperature increases voltage and results in net increase in 
power. Increasing an irradiance, results in an increase of current, slightly decreases voltage and 
results in net increase in power (Steve, 2019). Decreasing an irradiance, decreases current, 
slightly increases voltage and results in a net decrease in power (Steve, 2019).  
 
Other factors affecting the IV curve  
The I-V curve shape can therefore determine other related factors which alters the PV 
performance such as the effect of shading or damaged cell, effect of series resistance and the 
effect of module degradation or soiling (Seaward, 2019).  
  
2.2.12 Concept of Heat Transfer  
  
Figure 16: Energy family tree (Ronney, 2015-2017) 
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The relationship between the laws and processes which describes heat transfer can be 
understood as illustrated by the energy tree in Figure 16.  
1st law of thermodynamics - The energy contained in an isolated system remain unchanged. 
Places restriction on how energy is to be converted from one form to the other (Eastop & 
McConkey, 1993).  
2nd law of thermodynamics – Entropy of an isolated system remain unchanged otherwise always 
increases. Places restriction on the direction of which processes can occur (Eastop & 
McConkey, 1993).  
 
The laws described above are delimited to the processes taking place but illustrate nothing 
about how rapid such processes occur. The rate of heat transfers from one form to the other 
takes place in one or the combinations of three forms (convection, conduction and radiation).  
 
Fourier’s Law of Conduction  
Conduction is the transfer of heat through molecular conduct in an immobile material due to 
molecular vibrations induced within that material. This rate of heat transfer is effective in 
solids. The effectiveness of the material to conduct heat depends on the bond between atomic 
and molecular structures (Ronney, 2015-2017). Solids are best conductors of heat due to their 
molecular unity which forms a certain shape (the energised molecules vibrates and travel to the 
low energy band, they collide and transfer their energy to the low energy molecules). Liquids 
and gases can also conduct heat but needs to be contained due to their molecular separation. 
The rate of conduction heat transfer (?̇?) is expressed by;  
 
 
?̇? = 𝑘𝐴
∆𝑇
∆𝑥
  
 
(2.1)  
 
Where 𝑘 is the thermal conductivity of the slab (W/mk), 𝐴 is the area perpendicular to the heat 
transfer direction (m2),  ∆𝑇 is the change in temperature between the slab (K) and ∆𝑥 is the slab 
thickness (m).   
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Newton’s Law of Cooling for Convection  
Convection is the transfer of heat through density differences in a mobile material. This rate of 
heat transfer is most effective in liquids and solids (Eastop & McConkey, 1993). The 
effectiveness of the material to conduct heat depends on how fast the movement of the fluid is 
(Ronney, 2015-2017). Liquids are the best convectors as compared to gases due to their 
molecular structure (as the fluid is heated, molecules move faster, spread apart and becomes 
less dense which induces the buoyancy effect causing the denser molecules to sinks to the 
bottom and the less dense molecules to flow upward). Natural and forced convection describes 
the nature in which the fluid is moved. The rate of convection heat transfer is expressed by;  
 
?̇? =  ℎ𝐴(𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇𝑓𝑙𝑢𝑖𝑑)  (2.2) 
 
Where ℎ is the convective heat transfer coefficient (W/m2K), 𝐴 is the area perpendicular to the 
heat transfer direction (m2),  𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is the surface temperature (K) and 𝑇𝑓𝑙𝑢𝑖𝑑 is fluid 
temperature (K).  
 
Stefan Boltzmann Law of Radiation   
Radiation is the transfer of heat through electromagnetic waves between objects. This rate of 
heat transfer can occur in space and has no material for it to travel through (Eastop & 
McConkey, 1993). The effectiveness of the body to radiate heat depends on the temperature 
and surface area (Ronney, 2015-2017). All bodies emit thermal radiation at all temperatures 
except at 0K. The earth radiates much less heat and most of its radiant waves are infrared. 
There is a linear relationship between the temperature increase with conduction and convection. 
Radiation however, increases with temperature to the forth power, therefore at considerably 
high temperatures, heat transfer by radiation will always be greater than the one transferred by 
convection and conduction. The rate of radiation heat transfer is expressed by;  
 
?̇? = 𝜎𝜀𝐴(𝑇ℎ𝑖𝑔ℎ
4 − 𝑇𝑙𝑜𝑤
4)   (2.3) 
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Where 𝜎 is the Stefan Boltzmann Constant (5.67x10-8 W/m2K4), 𝜀 is the emissivity of the 
material (dimensionless), 𝐴 is the surface area of the emitting body (m2),  𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is the surface 
temperature (K) and 𝑇𝑓𝑙𝑢𝑖𝑑 is fluid temperature (K).  
 
2.2.13 Mathematical and Simulation Modelling Methods  
A considerable number of studies which focused on determination of performance of the flat-
plate collectors have used for their modelling, the Hottel-Whillier-Bliss equation expressed 
as; 
 
𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝐹𝑅 × 𝐴(𝐼𝜏𝛼 − 𝑈𝑜𝑣𝑒𝑟𝑎𝑙𝑙 × (𝑇𝑓𝑙𝑢𝑖𝑑,𝑖𝑛 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡)
𝐴 × 𝐼
  
 
(2.4) 
 
Where 𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 is the thermal efficiency, 𝐹𝑅 is the collector heat removal factor, 𝐼 is the 
incoming irradiance (W/m2), 𝜏𝛼 is the Absorptance-transmittance product, 𝑈𝑜𝑣𝑒𝑟𝑎𝑙𝑙 is the 
overall heat transfer coefficient (W/m2K), 𝐴 is the collector area (m2), 𝑇𝑓𝑙𝑢𝑖𝑑,𝑖𝑛 fluid inlet 
temperature (K) and 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 is the ambient temperature (K).  
 
This equation requires some effort analysis based on difficulty in finding 𝑈𝑜𝑣𝑒𝑟𝑎𝑙𝑙 which 
(Koyuncu & Lule, 2016) modelled it to be;  
 
𝑈𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = (
1
ℎ𝑐,𝑝𝑙𝑎𝑡𝑒−𝑐𝑜𝑣𝑒𝑟
+
1
ℎ𝑟,𝑝𝑙𝑎𝑡𝑒−𝑐𝑜𝑣𝑒𝑟
+
1
ℎ𝑤𝑖𝑛𝑑
+
1
ℎ𝑟,𝑐𝑜𝑣𝑒𝑟−𝑎𝑚𝑏𝑖𝑒𝑛𝑡
)
−1
 
 
(2.5 ) 
 
Where ℎ𝑐,𝑝𝑙𝑎𝑡𝑒−𝑐𝑜𝑣𝑒𝑟 is the convective heat transfer coefficient between the absorber plate and cover 
(W/m2K), ℎ𝑟,𝑝𝑙𝑎𝑡𝑒−𝑐𝑜𝑣𝑒𝑟 is the radiative heat transfer coefficient between the absorber plate and cover 
(W/m2K), ℎ𝑤𝑖𝑛𝑑 is the convective heat transfer coefficient due to wind (W/m
2K) and ℎ𝑟,𝑐𝑜𝑣𝑒𝑟−𝑎𝑚𝑏𝑖𝑒𝑛𝑡 
is the radiative heat transfer coefficient between the cover and the ambient air (W/m2K).  
 
And a generic equation from Klein modelled it to be;  
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𝑈𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
(
 
 𝑛
𝐶
𝑇𝑝
[
(𝑇𝑝 − 𝑇𝑎)
(𝑛 + 𝑓)
]
𝑒 +
1
ℎ𝑤
)
 
 
−1
+
[
 
 
 𝜎(𝑇𝑝 + 𝑇𝑎)(𝑇𝑝
2 + 𝑇𝑎
2)
(𝜀𝑝 + 0.00591𝑛ℎ𝑤)
−1
+
2𝑛 + 𝑓 − 1 + 0.133𝜀𝑝
𝜀𝑐
− 𝑛]
 
 
 
 
 
(2.6 ) 
 
Where 𝑛 is the number of covers, 𝑇𝑝 is the plate surface temperature (K), 𝑇𝑎 is the ambient temperature 
(K), ℎ𝑤 is the wind heat transfer coefficient (W/m
2K), 𝜎 is the Stefan Boltzmann Constant 
(5.67x10-8 W/m2K4), 𝜀𝑝 is the plate emittance and 𝜀𝑐 is the cover emittance. The coefficients 
(𝑓, 𝑒 𝑎𝑛𝑑 𝐶)are defined by;  
 
𝑓 = (1 + 0.089ℎ𝑤 − 0.1166ℎ𝑤𝜀𝑝)(1 + 0.07866𝑛)   (2.7) 
 
𝑒 = 0.430(1 −
100
𝑇𝑝
)  
 
(2.8) 
 
𝐶 = 520(1 − 0.000051𝛽2)   (2.9) 
 
Where 𝛽 is volumetric expansion coefficient of air between plate and cover.  
 
For the electrical efficiency, (Chwieduk & Bigorajski, 2018) referenced one study which 
modelled the PV/T electrical performance to be;  
 
𝜂𝑒𝑙𝑒𝑐𝑟𝑖𝑐 = (𝜏𝛼)  × 𝜂𝑠𝑡𝑐 × [1 − 𝛽𝑠𝑡𝑐(𝑇𝑝𝑣,𝑒𝑓𝑓 − 𝑇𝑠𝑡𝑐)]  (2.10) 
 
Where 𝜂𝑠𝑡𝑐 is the electrical efficiency measured at STC, 𝛽𝑠𝑡𝑐 is the thermal expansion 
coefficient at STC, 𝑇𝑠𝑡𝑐 is the PV/T module temperature at STC (K) and 𝑇𝑝𝑣 is the PV/T actual 
module temperature (K) which can be determined from the Equation 2.11 below now referred 
to as the 𝑇𝑝𝑣,𝑒𝑓𝑓 (effective module temperature).   
 
𝑇𝑝𝑣,𝑒𝑓𝑓 = 30 + 0.0175 × (𝐺𝑠 − 300) + 1.14 × (𝑇𝑎𝑚𝑏 − 25) + (𝑇𝑓,𝑎𝑣𝑔 − 𝑇𝑎𝑚𝑏)  (2.11)  
 
The potential of PV/T system has been in many studies modelled by a predictive simulation 
tool called TRNSYS. It has been proven to be a reliable computational tool and can model 
demand requirements for heating and cooling loads at a particular location with different 
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environmental conditions. It is a widely used simulation tool in modelling performance 
parameters of renewable energy technologies (Ramos, et al., 2017).  
2.2.14 Experimental and Theoretical Performance of Solar Thermal and PV/T Technologies 
(Cieslakiewicz, 2016 ) In the analysis of his report, reference the potential of the PV/T system 
to increase the overall efficiency of irradiance convergence into useful heat to be in the range 
from 40% to 70% when compared to standalone PV and solar thermal system.  In addition, 
(Kaya, et al., 2013 ) further elaborates the advantage of combining the two solar collectors in 
which the total space occupational requirement of PV/T collector comes round about 40% less. 
 
(Chwieduk & Bigorajski, 2018) conducted a study for application of PV/T system in moderate 
climates, at micro scale to determine the electrical and thermal efficiency of this system in both 
winter and summer climates. Daily hourly distribution of averaged electrical and thermal 
efficiency of PV/T modules were presented for modules with and without glazing. In their 
findings, the PV/T modules without glazing were not supplying heat for winter, where the 
highest efficiency archived was nearly 15%. For the same period, PV/T modules with glazing 
had 25% convergence efficiency. The unglazed modules however in summer produced the 
highest electrical convergence of about 11.4% and glazed only 9.4%. In winter the difference 
was smaller with an average efficiency of 12% for unglazed and 11.2% for glazed.  
 
The results in terms of the proportions of heat transfer from the total supplied by the solar 
radiation under transient conditions for modelling performance of flat-plate collectors, 
(Rodriguez-Hidalgo, et al., 2013) presented the outcomes to say out of the total incident solar 
radiation, 64% of heat is considered useful. Out of the losses, 20% is due to optical losses, 12% 
is through the cover and 4% is through the insulation back surface. (Struckmann, 2008) in his 
analysis, however presented his outcomes to say, out of the total incident solar radiation, 45% 
of heat is considered useful. Out of the losses, 40% is through the cover and 15% is due to 
optical losses for flat-plates with 25-35 mm spacing between the collector and the cover. 
(Ramos, et al., 2017) in his report illustrates that out of the total incident solar radiation, only 
15% of the total solar radiation absorbed (90%) by the PV module surface is converted to 
electricity, the balance is stored partially as thermal energy which is precisely evident in 
relatively hot climates for the modules to reach temperatures of up to 80 ºC.  
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A collection of experiments made by (Koyuncu & Lule, 2016) which aimed to determine the 
thermal efficiencies of liquid and air type flat-plate collectors with varying collection materials 
were presented in their paper. For the copper material, thermal efficiency of the collector array 
was found to be 63% for water used as a circulation fluid.  
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CHAPTER 3 - COMMERCIAL CONSIDERATIONS  
3.1 Introduction  
In this chapter, the IRP 2019 is analysed. The energy sector of South Africa is first presented 
and analysed in terms of its primary energy sources and sectors contributing more to the Gross 
Domestic Product (GDP) growth. The current and future power generational mix is then 
comprehensively analysed to determine the feasibility and reality of the projected allocations. 
Furthermore, the economic impact of the renewable allocations is analysed and presented. The 
investment appetite and political factors are then highlighted last in this chapter.   
3.2 Energy Sector in South Africa  
 
Figure 17: Primary energy supply 2015 ( (Ratshomo & Nembahe, 2018) 
 
It has been some time since coal dominated the South African energy supply with a contribution 
of 59% to the total primary supply as shown in Figure 17. This is followed by renewable energy 
with 20% and crude oil with 16%. The balance to the total primary supply in 2015 is provided 
by natural gas and nuclear with 3% and 2% respectively. These figures represent the primary 
energy supply which is produced indigenously and some imported. The primary electricity 
supply in South Africa is dominated by the state-owned entity named Eskom which generates 
approximately 90% of the electricity used locally and the balance is provided by private 
generators, municipal generators and redistributors. Furthermore, the country supplies 
approximately 40% of electricity used in the African continent (Ratshomo & Nembahe, 2018).      
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Figure 18:Electricity consumption by sector, 2012 ( (Deloitte, 2017) 
 
There are several factors to consider that influence the demand for electricity, this factors 
include but not limited to population growth, weather patterns, technological interruptions, 
growth in the level of economic production or output and electricity prices (Deloitte, 2017). 
The national utility is the eleventh largest power station in the world in terms of generating 
capacity and sells power directly to 3 million residential, 70 000 agricultural, 18 000 
commercials and 6 000 industrial customers. In 2015, the residential sector contributed about 
27% of the total energy consumption and was the second largest consumer in the economy 
after industrial sector at 36% consumption (Ratshomo & Nembahe, 2018). The sector 
consumed about 17% of consumption provided by electricity which represents about 3% 
reduction in consumption as compared to 2012 as illustrated in Figure 18.  
3.3 Power Generation Compass in South Africa (IRP 2018/19 Analysis)  
The South African power generational mix consists of 37 149MW of installed capacity from 
coal, 1 860MW from nuclear, 2 100MW from hydropower, 2 912MW from storage, 3 830MW 
from natural gas/diesel and 3 754MW from renewables. The electricity generated is transmitted 
through an EGI of high-voltage transmission lines which connects Eskom, municipalities and 
private generators to various end users (DMRE, 2019).  
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3.3.1 Coal  
South Africa has the 5th largest indigenous recoverable coal reserves in the entire world 
estimated to be over 65 billion tons (DMR,2016). In the country, just over 50% of coal mining 
is produced underground and the balance is produced by open cast methods. The producing 
mines accounts for about 70% of the output and they are only 11. The coal produced for 
electricity is considered to be among one of the cheapest in the world. Due to this reason, the 
country has many newly developed and existing infrastructure for power generation using coal. 
Eskom is ranked 1st in the world as a steam coal user and 11th as a power generator due to the 
role played by the coal reserves in the economy (Deloitte, 2017). The coal reserves further play 
another key role in the South African economy due to exportation of some of its coal production 
(30%) through Richards Bay coal terminal making the country the 4th largest coal exporter in 
the world.  
 
 
 
Figure 19: The projected trend in terms of installed capacity between coal and renewable energy by 2030 (MW) 
 
Currently, coal accounts for about 37 149 MW of installed capacity and about 1 500 MW of 
additional capacity to be installed by 2030. Some of its ageing power plants are set be 
decommissioned between now and 2030 by about 11 017 MW. Figure 19 illustrates the 
convergence point of the renewable share and coal by 2030 if the decommissioning and the 
increased renewable share set out in the IRP 2019 materialises. Eskom is currently sitting at a 
36 931 
33 364 
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31 260 
2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
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Renewable Energy
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debt of over R420 billion, this translate to about 10% of the current market (R4.3 trillion) for 
the South African economy. Eskom is currently non-compliance with regard to the air quality 
standards which relates to burning of coal and releasing harmful gases (GHG) to the 
atmosphere and would require an investment of between R300 – R400 billion to be compliant 
(which is not in their balance sheet). The entity has an obligation to keep the lights on and 
hence the continuous requirement for exemption from air quality standards regulation from the 
regulating body (views and facts from the big debate South Africa).  
3.3.2 Solar and Wind Power  
The renewable energy in South Africa has already began to become a viable option due to 
continuous increase in traditional fossil fuels based energy costs. The country is known for its 
abundant natural resources of sunlight and wind and thus regarded as the main candidate for 
increased utilization of renewable energy. This utilization may prove to be useful in SWH and 
electricity generation. This motivated by the price increases in traditional fossil fuels and 
compliance with environmental legislation for reduction of GHG emissions becomes attractive 
for power generation in the nearer future.  
 
In addition to the currently installed capacity of 1 474 MW Solar Power, 1 980 MW Wind and 
300 MW of CSP generation capacity, totalling 3 754 MW of renewable energy, and the 
currently committed/contracted capacity of 814 MW Solar, 1 362 MW Wind and 300 MW 
CSP, totalling 2 476 MW, the new additional renewable energy capacity planned until 2030 is 
6 000 MW Solar and 14 400 MW Wind totalling 20 400 MW.  By 2030, this will bring the 
total installed renewable energy capacity to 26 630 MW. If Hydro is added, the current installed 
capacity is 2 100 MW with new additional capacity of 2 500MW resulting in a total of 31 230 
MW of renewable energy generation capacity by 2030 (DMRE, 2019).  
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Figure 20: GHI and wind speeds at 50m height  
  
Below, are some of the currently installed solar power generation technologies which 
incorporates different technologies and some considered first of their kind in Africa. The 
potential that the Northern Cape has for power generation using these technologies is massive. 
Germany almost closed the chapter towards greener economy, to become the only nation which 
made significant strides in reducing the GHG emissions. They phased out nuclear reactors and 
natural gas use is also declining. They have a network of solar energy approximated at 45 000 
MW supplying the entire nation with electricity. This power is enough to cover the whole South 
African electricity demand and Germany receives much less sunlight compared to South 
Africa, in fact just a portion of Northern Cape in Figure 20 receives much more solar irradiance 
than the entire nation of Germany and a fraction of that portion is capable of producing enough 
electricity for South Africa. In addition to that, the entire coastal region of South Africa receives 
much more wind rated class 7 which is the best around the world. This potential can see massive 
investment in offshore wind turbines in which the technology is gradually becoming cheaper 
with technological advancements. This massive abundance in natural renewable resources can 
see South Africa being the export hub for electrification in Africa. Solar and wind power 
compliments each other in a sense that wind speeds are less during the day where solar energy 
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is at the maximum and solar radiation is not available during the night whilst wind speeds are 
maximum during the night. In support of this, the renewable power system as present does not 
have the required storage capacity or flexibility and Eskom is currently underway to invest in 
the 1.4 GWh battery storage project for renewables.  
 
Jasper Solar Power Plant  
Installed Capacity 96MW  
Land Coverage: 180ha  
Type: Photovoltaic   
Commercial Operation: October 2014 
 
 
Bokpoort Solar Power Plant   
Installed Capacity 55MW  
Land Coverage: 250ha  
Type: CSP (parabolic reflectors) 
Commercial Operation: Nov 2015 
 
Abengoa Khi Solar One Power Plant   
Installed Capacity 50MW  
Land Coverage: 140ha  
Type: CSP (central tower) 
Commercial Operation: October 2016 
 
 
Figure 21: Evolution of average auction prices for wind power, Jan 2010 - Feb 2017 (IRENA, 2017) 
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The average auction price for wind power in South Africa started at a high but dropped 
considerably as shown in Figure 21. In 2017 wind power was already cheaper than coal fired 
generation in the country and the prices dropped by 2/3 in the last previous 6 years and it is 
already competitive in the current market. The IRP 2019 supported power generated from wind 
as the draft IRP 2018 proposed that wind will only represent 11 442 MW (15%) of installed 
capacity by 2030. This has now been increased to 17 742 MW, an increase by 55%. Wind 
power prices expected to drop in the nearer future but at a lesser rate as compared to solar 
power prices, this questions the rationale that out of the new additional renewable capacity of 
20 400 MW solar accounts for only 6 000 MW and the balance being provided by wind despite 
the price differential between the two technologies. This represent massive growth rate in wind 
power which will eventually catch up with solar provided less political interference using the 
general rule that scaling due to response in demand drives the prices down.  
 
 
Figure 22:Evolution of average auction prices for solar PV, Jan 2010 – Feb 2017 (IRENA, 2017) 
 
The average auction price for solar power in South Africa started at a very high but dropped 
considerably at a rate faster than wind power as shown in Figure 22. Solar power is currently 
the cheapest in the market than all power generating technologies with growth by over 50 times 
in the last 13 years (Anon., 2019). In the US, the cost to construct a new natural gas plant comes 
to about 5 – 6 cents/kWh just about what a new coal power plant would cost in South Africa. 
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In the recent solar projects worldwide, the price for solar plant ranges from 6 – 2.91 cents/kWh 
and this price range is for countries less sunny than South Africa. In 2017/18, the minister of 
energy in South Africa has signed 27 projects of REIPPP weighted at an average price of 6.14 
cents/kWh (exchange rate of R14/USD). As illustrated in Figure 60, Dubai has the cheapest 
natural gas bidding price and contracts there are weighted at an average of 2.91 cents/kWh less 
than half the price for coal and natural gas (Anon., 2019). This potential may not be realised in 
the country due to annual built limits on new solar and wind projects to allow for a balanced 
generational mix rather than favouring a least cost generation.  
3.3.3 Nuclear Power  
 
Figure 23: Frequency and magnitude of cost overruns by reference class 
 
Nuclear power generation is expensive and results in cost overruns as illustrated in Figure 23. 
In the IRP 2019, over the next 10 years appear to be limited to a retrofit of the existing 1 900 
MW Koeberg plant to extend its life for the next 20 years beyond 2024. The cost assumptions 
for this life extension remains unclear in the IRP. This may be highly due to the reasons 
illustrated in the figure for cost overruns associated with nuclear power plants.  
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3.4 Economic Impact of Hasty Transition to Renewable Power Generation in South 
Africa  
It is imperative to reflect back on the economic growth dating back from 2007 where the GDP 
growth rate has been declining from the good 5.4% to 1.3% in 2017 (Treasury, 2019). This 
was rather an inverse with regard to the population growth by 24% in the past decade putting 
tremendous pressure on the economy. South Africa is also considered to be one of the most 
unequal countries in the world hence the need for economic growth is mandatory to turn tables 
for unemployment rate currently sitting at 29%. The current renewable procurement model 
from the Independent Power Producers (IPP) is that of take-or-pay, in which some stakeholders 
refers this as an expensive transaction for the South African economy. Although renewable 
energy technology costs are becoming cheaper, a high probability exists that the economic 
recovery will be choked and as a result, the economy will be unable to carry all these costs. 
Although the population in the country grows every year, the demand for electricity models 
may sometimes prove to be ineffective due to fluctuations in the energy use which results in 
inability to track the patterns, Nonetheless, Eskom at times have surplus of electricity due to 
the flattening of electricity demand in the country and this effect has not translated to lower 
costs due to increased generation capacity of the entity which strains the balance sheet of the 
company. The current struggle that Eskom faces with renewable energy from the IPPs is related 
to price differential between the source IPP and the customer in which 60% reduction of the 
buying price to the selling price are possible. The economy of most developing countries are 
tied to services and/or activities which are energy intensive which ultimately means more GHG 
emissions as the primary energy used in most cases is derived from fossil fuels and less 
renewables. Making reference to the South African context, drastic transition to near 100% 
renewables could have tremendous ramification on the economy, specifically the mining sector 
in which the coal sector employs more than 80 000 people and with the current struggles for 
the country to produce employment, it could be detrimental to the GDP growth due to the 
benefit that coal provides on the economic activities which enhances growth. The generational 
mix set out in the IRP 2019 is however a positive step towards a greener economy as it enables 
renewable maturity in the country and allows for gradual reduction in coal fired generation. 
The abundance for renewable natural resources in the country is realised and considered one 
of the best in the world, the gradual reduction in coal will therefore enable the national entity 
to use the same rationale used for coal generation and apply it to the renewables in terms of 
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moving further up the value chain due to the availability of renewable natural resources in the 
country. 
 
Figure 24: The projected breakeven year in installed capacity between coal and renewable energy (MW) 
 
Data provided in the IRP 2019 beyond 2030 was extracted and used to project the point of 
crossover in Figure 24, which illustrates the continuation of the decommissioning rate of 
Eskom coal fired power plants was extracted to suggests that renewable share will surpass coal 
between 2031 and 2032 if the new additional capacity is introduced and decommissioning takes 
place at the set rate.  
 
 
Figure 25: Percentage of annual energy contribution by 2030 (% of MWh) 
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Although renewables have the potential to surpass coal by 2032 in terms of installed capacity, 
it will only contribute 8.4% in terms of generation as shown in Figure 25. Almost 60% of South 
African electricity would still be generated from coal by 2030 (currently coal generates about 
77%).  Eskom recently introduced new units in one of their largest power stations Medupi and 
Kusile which would account for over 9 500 MW of combined installed capacity by 2030 which 
supports the view that coal will still play a key role in electricity generation due to its abundance 
in the country.  
There is another perception beyond coal fired generation which originated from the need for 
Eskom to convert some of its diesel and coal fired generators to run on natural gas. This 
perception saw natural gas turbines as a strong competitor for renewable power generation but 
according to the updated IRP, generation by natural gas with regard to the installed capacity by 
2030 was reduced by 63% from 8 100 MW to 3 000 MW and the ratio of renewable energy to 
that of gas based on the installed capacity by 2030 is about 4.6:1. Gas is therefore not being 
proposed as an alternative or replacement for renewables, but to compliment renewables energy 
when it is not available. At this point in time, the technology does not exist to baseload the 
country on renewable energy, supplemented by battery storage. 
3.5 Investment Appetite for Renewable Energy and Political Factors in South Africa 
In 2003, the cabinet approved private sector participation in providing electricity to the country 
and decided on the proportion for future power generation that the bulk of electricity will still 
be provided by Eskom (70%) and the remaining 30% by the IPPs. The REIPPPP through 
private sector investment is aimed at bringing additional power to the electricity system. The 
power will come from PV, wind, CSP, biomass and small hydro technologies. These plans are 
supported by the National Development Plan (NDP) and the IRP.  
In terms of investment attraction for renewable energy, South Africa is currently ranked 12th. 
Although this figure may drop due to corruption activities and political interferences in the 
country, investment for renewable energy still remains attractive. The REIPPPP in 2017 
attracted investment (equity and debt) to the value of R201.8 billion of which over 24% (R48.8 
billion) is foreign investment (IRENA, 2017).  
The statement made by the president (land expropriation without compensation) enforced by 
some of the opposition parties may somehow stall the economic activities from happening in 
the country. This talks to future investments and irrespective of how attractive South Africa is 
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in terms of attaining foreign investment, it is unlikely that there would be influx of investment 
for as long as the land expropriation matter is not addressed. Investors need assurance that the 
land in which they invest in will not be taken away in the nearer future hence it is imperative 
to deal with the land issue to enable influx investment into the country. The South African 
economy currently grew by 3.1% in the second quarter and the inflation rate sitting at 1.75%, 
hence small businesses will continue to struggle in the economy. Unemployment rate is 
currently sitting at 29% and is most likely to grow.  
 
 
Figure 26: Evolution of the South African economy 1975-2015 ( (Deloitte, 2017) 
 
In 2015, the South African economy had a well-established services sector which contributed 
to the GDP over 67% (Deloitte, 2017) shown in Figure 26. Manufacturing, mining and 
construction accounted for the bulk of the balance. With the weakening rand against the US 
dollar, exporters (mining, manufacturing and farmers) will always benefit from that 
phenomenon but it is a double-edged sword for the country as the inconvenient part of it affects 
the poorest communities and the country as a whole. The rationale to grow the economy in 
South Africa should be to focus on the sectors which contributes high to the GDP growth. 
Although state-owned companies are often functions of performing economies in other 
European countries, most state-owned companies in the country have been receiving bailouts 
from the government, which proves that this model does not work in most developing 
countries.  
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CHAPTER 4 – DESIGN PHILOSOPHIES AND MODELLING   
4.1 Introduction  
This chapter presents different design philosophies used in the design concept 1. These design 
philosophies are stated and represents the entire design cycle of this model. The process design, 
mechanical and tubing design, electrical and electronic design philosophies and prototype 
modelling, prototype manufacturing and prototype testing philosophies are presented in this 
chapter.  
 
Different design philosophies for concept 2 are also presented in this chapter. These design 
philosophies are stated and represents the entire design cycle of this model. These design 
philosophies are different from the first concept as the analysis is different. In this design, main 
results are obtained through simulations and mathematical modelling as opposed to prototype 
development in design concept 1. The process design, mechanical and tubing design, electrical 
and electronic design philosophies are presented. Mathematical models for design concept 2 
which are considerably significant for this research paper are also presented in this chapter.   
4.2 Design Philosophies of Photovoltaic/Thermal-Optimised Technology (Concept 1)  
4.2.1 Design Basis  
 
Figure 27: Design basis configuration for concept 1 
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The PV/TO design uses the standard PV/T module size of 35 cells (95x95 mm) and sacrifices 
some of this cells to accommodate for the thermal optimised area as shown in Figure 27. The 
area optimised area therefore represents one eleventh (1/11) of the standard PV/T module of 
that size. The optimised area may be chosen to be extended or start at the end of the standard 
PV/T module but for this design, the standard PV/T size for the given number of cells is used.  
4.2.2 Process Design Philosophies  
Process Operating and Equipment Design Conditions (Mechanical)  
The PV/TO prototype will be manufactured and tested under optimum conditions. The supply 
pressure will be the one supplied from the municipality.  
Frame design temperature 
Max:     85 ºC 
Min:      -20 ºC 
 
Water Operating Pressure  
Max:     103 kPa (system fill) 
Min:     69 kPa (system fill) 
 
Water flow rate  
Max:     100 litres/h  
Optimum:     60 litres/h 
Min:     40 litres/h  
 
Desired Operating Conditions 
Humidity:    30% 
Ambient Temperature:  35 ºC  
Irradiance:    1000 W/m2 
Wind Speed:    <15km/h 
Process Operating and Equipment Design Conditions (Electrical)  
Cell Operating Temperature (data from manufacturer) 
Max:   85 ºC 
Nominal  47 +/- 2ºC  
Min   -40 ºC 
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Cell Temperature Coefficient  
Power:   -0.4384%/ ºC   
 
Module Operating Conditions  
Voltage (Voc): 189.2 V (measured) 
Voltage (Vmp):  165 V (manufacturer)  
 
Current (Isc):  163.9 mA (measured) 
Current (Imp):  170 mA (manufacturer)  
4.2.3 Mechanical and Tubing Design Philosophies  
Thermal and Optical Properties of Mechanical PV/TO Components  
Frame  
The material used for the external protection is plywood. This material was used only for testing 
purposes due to ease of manufacturing as per the technical drawing. This material should 
however be temperature tolerant with UV resistance. Its thermal conductivity and absorptivity 
should be low. The thermal conductivity of this material is 0.14 W/m. K and the thickness 22 
mm.  
Glazing   
The material used is transparent glass with a thickness of 4mm. It should have high mechanical 
be strength to withstand the external loads. This material should however be temperature 
tolerant with UV resistance. Its thermal conductivity, absorptivity, reflectivity should be low 
and should have high transmittance. Its thermal conductivity is 0.96 W/m. K transmittance 
should be >95%.  
Absorber  
The material used is copper sheet with a thickness of 0.25mm. This material was sprayed black 
to increase its solar radiation absorptivity however this means high emissivity exists and will 
most likely emit the solar radiation falling onto it. Its thermal conductivity and absorptivity 
should be high. Its thermal reflectivity should be low. The thermal conductivity for this material 
is 401 W/m. K and its transmittance >95%.  
Tubing   
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The material used is copper tubes to increase the heat transfer rates between the liquid and the 
contact materials. This material was used only for testing purposes due to ease of 
manufacturing as per the technical drawing Its thermal conductivity and absorptivity should be 
high. Its thermal reflectivity should be low. The thermal conductivity for this material is 401 
W/m. K and its transmittance >95%.  
Heat-Sink and Fans 
For the fans, the material used is thermoplastic and it is temperature tolerant. The heat sink 
material is aluminium. Thermal conductivity of the fan and heat sink is 0.2 W/m. K and 237 
W/m. K respectively.  
Insulation   
The material used is Styrofoam. This material should be heat tolerant to minimise the heat 
losses. Its thermal conductivity and absorptivity is very low. Thermal conductivity of this 
material is 0.003 W/m. K and its thickness is 40mm.  
Back-sheet  
The material used is a Masonite and should be temperature tolerant and have a protective 
coating. Its thermal conductivity and absorptivity is low. Thermal conductivity for this material 
is 0.048 W/m. K and its thickness 3.2mm.  
Mechanical Design Standards for Tubing (SANS)  
Copper tubing and other related fittings should adhere to the South African National Standard 
(SANS 460) of which relevant standards are quoted;  
SANS 1067-1 Copper based fittings for copper tubes – compression fittings  
SANS 1067-2 Copper based fittings for copper tubes – capillary solder fittings  
4.2.4 Electrical and Electronic Design Philosophies 
Thermal and Optical Properties of Electrical and Electronic PV/TO Components  
Cells  
The material is polycrystalline silicon. This material should be temperature tolerant but high 
Absorptance for long wave solar radiation.  Its thermal conductivity and absorptivity should be 
low. The thermal conductivity of this material is 148 W/m. K and the cells have a thickness of 
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2.8mm and are 95mm x 95mm in length and width respectively. The connection of the cells is 
in series (increased voltage for constant current) and the spacing in between the cells is 10mm.  
Thermoelectric cooler plate 
The material is thermoelectric, this material operates at high and very low temperatures. The 
plate has 40mm x 40mm length and width respectively and a thickness of 4mm. The voltage is 
60W (12V source).  
Output Cables  
The wires are made of copper and are insulated. The wire has high thermal conductivity and 
very low thermal conductivity insulation. The cable is 4mm2. Other electronic cables used is 
2.5mm2 in size.  
Electrical Standards for Wiring (SANS)  
Installation of low voltage electrical equipment should adhere to The South African National 
Standards (SANS 10142).  
4.2.5 Prototype Modelling Philosophies  
3D Model  
Table 1: PV/TO design concept 1 main  parameters 
PV/TO Main Parameters 
Overall dimensions  704mm x 579mm x 225mm 
Area  0.4076 m2 
Copper tubes  Φ15mm 
Glazing thickness  4mm 
Back sheet thickness  3.2mm 
Insulation thickness  40mm 
Absorber sheet thickness  0.25mm 
Peltier unit  90mm x 90mm x 107mm 
1st compartment 
Area 0.3237 m2 
Cell 95mm x 95mm x 2.8mm (30 cells) 
2nd compartment 
Area  0.0294 m2 
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Table 1 presents main dimensions of the PV/TO design concept 1 and illustrates the main 
differences in the 1st and the 2nd compartments of the concept.  
Working principles of the PV/TO (design concept 1) 
 
 
Figure 28: PV/TO design concept 1 (casing excluded) 
 
The incoming solar radiation provides energy in the form of both heat and light to the PV 
module section (1st compartment) and the flat plate collector section (2nd compartment) as 
illustrated in Figure 28. Optical heat losses exist through the glazing of the module. In the first 
compartment, some of the solar irradiance is converted to electricity and the balance is partially 
stored as heat in the PV module. In the second compartment, thermal energy is stored in the 
collector.  
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Figure 29: PV/TO design concept 1 (glazing and cell excluded) 
 
The collectors shown in Figure 29 are positioned at the back of the PV module collect the heat 
that is stored in the PV cells. This heat being collected is more in the second compartment than 
it is in the first compartment due to optimum collection which exists for the flat plate collector 
configuration. The Peltier unit is a controlled parameter hence the configuration and two PV 
module cooling methods exists, via the Peltier or water being supplied from the mains 
circulating in the tubes and/or the combination. For the Peltier unit, heat generated from the 
PV module is being extracted by the fan connected via the heat sink on the cool side of the 
thermoelectric plate and another fan connected via the heat sink on the hot side exhausts heat 
towards the bottom collector. For cooling via water-contained tubes, heat is extracted from the 
PV module due to heat transfer between the collector surface to the tubes and eventually to the 
circulating water. Insulation hinders or minimises heat losses within the internals of the 
module.  
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Figure 30: Thermoelectric cooler (Peltier unit) 
 
The Peltier unit shown in Figure 30 is held by a transparent glass placed in between the PV 
module and the insulation. The transparent glass acts as a divider between the cool and the hot 
side of the thermoelectric cooler which ensures that heat extracted is not recirculated in the 
conditioned space (between the glass and PV module).  
 
 
Figure 31: Design concept 2 (final assembly) 
54 
 
 
The design shown in Figure 31, in its basic operational principles ensures that the PV/T module 
produces an improved thermal output by pre-heating water from the first compartment and 
reheating the pre-heated water towards the outlet.  
Mathematical Model  
A precise and detailed analysis of a typical flat plate collector is complicated. Detailed analysis 
of the 1st concept of the proposed PV/TO will not be presented in this chapter as it is rather 
complex and involves a lot of factors which is evident due to its offset in design from traditional 
PV/T systems. For this concept, the main aim is to find the effect of the Peltier unit on the 
output of the system and this will be done practically. Detailed mathematical analysis of the 
2nd concept will however be presented. Figure 32 below illustrates a comprehensive view of 
the design concept 1 for ease of reference in reading the mathematical models.  
 
Figure 32: PV/TO 1st concept (side view) 
 
The following equation developed by (Chwieduk & Bigorajski, 2018) can however be used to 
estimate the electrical efficiency of the module;  
 
𝜂𝑒𝑙𝑒𝑐𝑟𝑖𝑐 = (𝜏𝛼)  × 𝜂𝑠𝑡𝑐 × [1 − 𝛽𝑠𝑡𝑐(𝑇𝑝𝑣,𝑒𝑓𝑓 − 𝑇𝑠𝑡𝑐)]  (4.1)  
 
Where the temperature of the module is given by;  
𝑇𝑝𝑣,𝑒𝑓𝑓 = 30 + 0.0175 × (𝐺𝑠 − 300) + 1.14 × (𝑇𝑎𝑚𝑏 − 25) + (𝑇𝑓,𝑎𝑣𝑔 − 𝑇𝑎𝑚𝑏)  (4.2)  
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The governing equation which may prove to be effective for determining the thermal 
performance of this PV/T can be described by an expression which involves the change in 
temperature of the working fluid inlet and outlet. The Hottel-Whillier-Bliss correlation defines 
the useful heat gained by the collector to the incident solar irradiance;  
 
𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝐹𝑅 × (𝐺 − 𝑈𝑜 × (𝑇𝑓,𝑖𝑛 − 𝑇𝑎𝑚𝑏)
𝐺𝑠
 
 
(4.3)  
 
Equation (4.3) however requires some detailed analysis due to convective interferences 
caused by the Peltier effect within the compartments hence detailed mathematical analysis 
will only be performed for the final refined design for the second concept.  
4.2.6 Prototype Manufacturing Philosophies  
Manufacturing Considerations 
Prototype development involves material procurement including shipping to South Africa from 
China, the pre-tabbed solar cells and the copper sheets. This is because solar cells are not 
manufactured in the country and an assembled solar panels was not going to be effective due 
to its permanently insulated back. The mechanical workshop is used for fabricating the frame 
and cutting the glass to size. The power machines suitable for prototype development is panel 
saw, pedestrian drill and spindle moulder. The connection of the cells requires precision 
soldering and the assembly of the copper tubes to the fittings requires gas welding.  
Health and Safety Acts of Handling and Operating Workshop Machinery and Tools  
Occupational Health and Safety Act (85 of 1993) is applicable when in the mechanical 
workshop.  
4.2.7 Prototype Testing Philosophies  
Testing Environmental Conditions  
South Africa is on the southern hemisphere and therefore the sun is optimum irradiance is 
archived on northern direction alternatively, north-west or west should be used. If the panel is 
tested in the roof, the optimum angle is area latitude + 10 degrees. Testing conditions should 
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be at the parameter values set in the desired operational conditions to enable unbiased results. 
The test months is September and October.  
 
Measuring Devices  
In order to ensure that the tests results obtained from the measuring results are accurate, it is 
important to define at what conditions do these devices malfunctions.  
 
Digital Multimeter 
Operating range: -15 ºC ~ 55 ºC 
 
Digital Thermometer 
Temperature range:  -50 ºC ~ +300 ºC 
Accuracy:  -20 ºC ~ 80 ºC 
SANS for Installation and Testing  
South Africa lacks well-developed standards for solar technologies especially the PV/T. Since 
the PV/T incorporates both flat plate collectors and the photovoltaics, standards used for this 
technology should be applicable to the installation of a PV/T to certain extend.  
 
(SANS 6211-1) – Applicable for outdoor test method for determination of thermal performance 
of DSWH.  
 
(SANS 10106) – Applicable for requirements pertaining installation and maintenance of 
DSWH.  
 
(SANS 1307) – Applicable for specifying requirements of DSWH systems.  
 
(SANS 959) – Applicable for standardised requirement for off-grid individual homes as well 
as test procedure for photovoltaics modules and batteries.  
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4.3 Design Philosophies of Photovoltaic/Thermal-Optimised Technology (Concept 2)  
4.3 
4.3.1 Design Basis  
 
Figure 33: Design Basis Configuration for Concept 2 
 
The PV/TO design uses the standard PV/T module size of 72 cells (125x125 mm) and sacrifices 
some of this cells to accommodate for the thermal optimised area as shown in Figure 33. The 
area optimised area therefore represents a quarter (1/4) of the standard PV/T module of that 
size. The optimised area may be chosen to be extended or start at the end of the standard PV/T 
module but for this design, the standard PV/T size for the given number of cells is used.  
4.3.2 Process Design Philosophies  
Process Operating and Equipment Design Conditions (Mechanical)  
Maximum Operating Temperature  
150 ºC 
 
Maximum Operating Pressure  
20 bar  
 
Water flow rate  
Max:     100 litres/h  
Optimum:     60 litres/h 
Min:     40 litres/h  
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Desired Operating Conditions 
Humidity:    30% 
Ambient Temperature:  35 ºC  
Irradiance:    1000 W/m2 
Wind Speed:    <15km/h    
Process Operating and Equipment Design Conditions (Electrical)  
Cell Operating Temperature (data from manufacturer) 
Max:   85 ºC 
Nominal  47 +/- 2ºC  
Min   -40 ºC 
 
Cell Temperature Coefficient  
Power:   -0.4384%/ ºC   
 
Cell Operating Conditions  
Voltage (Voc): 0.620 V (manufacturer) 
Voltage (Vmp):  0.517 V (manufacturer)  
 
Current (Isc):  5.27 A (manufacturer) 
Current (Imp):  4.91 A (manufacturer)  
4.3.3 Mechanical and Tubing Design Philosophies  
Thermal and Optical Properties of Mechanical PV/TO Components  
Frame  
The material used for the external protection is aluminium with UV protection. This material. 
Its thermal conductivity and absorptivity should be low. The thermal conductivity of this 
material is 237 W/m. K and the thickness is 3 mm.  
Glazing   
The material used is low iron tempered glass with a thickness of 4mm. It should have high 
mechanical be strength to withstand the external loads. This material should however be 
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temperature tolerant with UV resistance. Its thermal conductivity, absorptivity, reflectivity 
should be low and should have high transmittance. Its thermal conductivity is 0.96 W/m. K 
transmittance should be >95%.  
Absorber  
The material used is copper sheet with a thickness of 0.25mm for the 1st compartment and 
0.35mm for the 2nd compartment. This material will be sprayed black to increase its solar 
radiation absorptivity however this means high emissivity exists and will most likely emit the 
solar radiation falling onto it. Its thermal conductivity and absorptivity should be high. Its 
thermal reflectivity should be low. The thermal conductivity for this material is 401 W/m. K 
and its transmittance >95%.  
Tubing   
The material used is copper tubes to increase the heat transfer rates between the liquid and the 
contact materials. This material was used only for testing purposes due to ease of 
manufacturing as per the technical drawing Its thermal conductivity and absorptivity should be 
high. Its thermal reflectivity should be low. The thermal conductivity for this material is 401 
W/m. K and its transmittance >95%.  
Insulation   
The material used is Styrofoam. This material should be heat tolerant to minimise the heat 
losses. Its thermal conductivity and absorptivity is very low. Thermal conductivity of this 
material is 0.003 W/m. K. For the 1st compartment, the thickness is 60mm and 2nd compartment 
35mm.  
Back-sheet  
The material used is insulation board and should be temperature tolerant and have a protective 
coating. Its thermal conductivity and absorptivity is low. Thermal conductivity for this material 
is 0.048 W/m. K and its thickness 2mm.  
4.3.4 Electrical and Electronic Design Philosophies 
Thermal and Optical Properties of Electrical and Electronic PV/TO Components  
Cells  
The material is monocrystalline silicon. This material should be temperature tolerant but high 
Absorptance for long wave solar radiation.  Its thermal conductivity and absorptivity should be 
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low. The thermal conductivity of this material is 148 W/m. K and the cells have a thickness of 
0.5mm and are 125mm x 125mm in length and width respectively. The connection of the cells 
is in series (increased voltage for constant current) and the spacing in between the cells is 3mm 
horizontally and 2 mm vertically.  
Output Cables  
The wires will be made of copper and are insulated. The wire has high thermal conductivity 
and very low thermal conductivity insulation. The cable is 4mm2.  
4.3.5 Modelling Philosophies  
3D model  
Table 2: PV/TO design concept 2 main parameters 
PV/TO Main Parameters 
Overall dimensions  1544mm x 787mm x 87mm 
Area  1.2151 m2 
Copper tubes  Φ15mm 
Glazing thickness  4mm 
Back sheet thickness  2mm 
1st compartment 
Area 0.8729 m2 
Cell 125mm x 125mm x 0.5mm (54 cells) 
Insulation thickness  60mm 
Absorber sheet thickness   0.25mm 
2nd compartment 
Area  0.2915 m2 
Insulation thickness  35mm 
Absorber sheet thickness   0.35mm 
 
Table 2 presents main dimensions of the PV/TO design concept 2 and illustrates the main 
differences in the 1st and the 2nd compartments of the concept.  
Working principles of the PV/TO (design concept 2) 
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Figure 34: PV/TO design concept 2(casing excluded) 
 
The incoming solar radiation provides energy in the form of heat and light to the PV module 
section (1st compartment) and the flat plate collector section (2nd compartment) as illustrated in 
Figure 34. Optical heat losses exist through the glazing of the module. In the first compartment, 
some of the solar irradiance is converted to electricity and the balance is partially stored as heat 
in the PV module. In the second compartment, thermal energy is stored in the collector. Cool 
water is supplied at the inlet of the first compartment. This water-contained tubes collects the 
heat from the back of the PV cells through the process of heat transfer between the cells and 
the absorber and eventually to the cool water inside the tubes. The PV module cools down 
during the process of heat transfer and its electrical efficiency is improved. The heat transferred 
to the water is very low hence the first compartment only pre-heats the water in this case. In 
the second compartment, the preheated water (at the interface temperature) is reheated by a 
highly efficient collector due to its optimum exposure to the solar radiation. Both compartments 
are insulated to hinder heat losses to the atmosphere.  
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Figure 35: PV/TO design concept 2 (PV module excluded) 
 
Figure 35 shows insulation in between the two compartments introduced to mitigate the 
possible convective heat transfer to occur between the low and high thermal compartment. This 
ensures that the temperature in the low thermal compartment remains acceptable by the PV 
module so as to ensure that electrical efficiency is not compromised and the temperature in the 
high thermal compartment remains high so as to improve thermal efficiency of the module. 
The design ensures that heat loss is minimised due to the pre-heating process, as the flat plate 
collector efficiency is at maximum when the collector temperature is at inlet fluid temperature. 
This means that the interface temperature (inlet to the second compartment) due to pre-heating 
will be at a temperature higher than inlet to the first compartment, this minimises heat losses 
in the second compartment due to the possibility of collector temperature being near interface 
temperature. The overall module efficiency is improved by this design.  
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Figure 36: PV/TO design concept 2 (back view) 
 
The frame design ensures that the divider accommodates for possible convective heat transfer 
between the low and high thermal compartments as illustrated in Figure 36.  
 
 
Figure 37: PV/TO design concept 2 (final assembly) 
 
In the final design shown in Figure 37, possible heat transfer modes exist between different 
components and mediums. The collector does not touch the lateral surfaces hence lateral heat 
transfer is considered to be negligible for this design supported by the lateral insulation within 
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the frame. Radiation losses through the back cover is also negligible due to the assumption 
made that the temperature of the surrounding is near the temperature of the surface. Possible 
losses are described below; 
1st compartment  
Loss due to conduction exists between the insulation and the absorber and between the 
insulation and the back sheet. Conductive loss due to surface conduct between the tubes and 
the absorber and between the absorber and the PV module. Radiative loss between the glazing 
and the ambient surrounding. Buoyancy-driven forced and free convection between the glazing 
and the ambient due to wind.   
2nd compartment  
Loss due to conduction exists between the insulation and the absorber and between the 
insulation and the back sheet. Free convective loss of air layer between the absorber and the 
glazing cover and radiative loss between the copper absorber and the glazing. Radiative loss 
between the glazing and the ambient surrounding. Buoyancy-driven forced and free convection 
between the glazing and the ambient due to wind.   
 
 
Figure 38: Final assembly of the PV/T model 
 
Figure 38 shows the model to be used in the simulation to enable performance comparism with 
the PV/TO. This model has the same dimensions as that of the PV/TO and will be simulated 
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using CFD Simulation to iterate their thermal performances based on the inlet and the outlet 
fluid temperatures at a given environmental conditions.  
 
 
Figure 39: Active system schematic ( (Rockenbaugh, et al., 2016 ) 
 
 
For SWH systems, two operational systems exist, active and passive systems. In passive 
systems, movement of the fluid is due to natural convection and water pressure during draw 
hence requires no circulation and in active systems movement of the fluid requires an electric 
pump and thermal storage. The working principles of an active system is explained as per the 
illustration in Figure 39. Cool liquid contained in the tubes is pumped up the collector where 
heat exchange takes place (Rockenbaugh, et al., 2016 ). At the outlet of the collector, the heated 
liquid passes through a heat exchanger where useful water from the reservoir exchange heat 
with the liquid-contained tubes from the collector (no direct contact between the two liquids). 
After the process of heat exchange, liquid contained tubes drops in temperature and is being 
recirculated again through the absorber where the process repeats until desirable water 
temperature is archived in the thermal storage tank. In the tank, warm water rises up due to 
buoyancy effect and cold water sinks to the bottom. if the temperature set point is not archived, 
an auxiliary heater (gas or electric) is usually used to re-heat the water to the temperature set 
point (utilisation temperature) as per the demand requirement. This backup system is usually 
used during cloudy days or when there is an increased demand.  
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Mathematical Models  
To determine the electrical efficiency ( 𝜂𝑒𝑙𝑒𝑐 ) of the PV/T module, we often use the generic 
equation in its simplest form and can be defined by the expression;  
 
𝜂𝑒𝑙𝑒𝑐 = 
𝑃𝑚𝑎𝑥
𝐴𝑝𝑣/𝑡 × 𝐺𝑠
   
 
(4.4) 
 
           =
𝐼𝑚𝑝 × 𝑉𝑚𝑝
𝐴𝑝𝑣/𝑡 × 𝐺𝑠
 
 
(4.5) 
 
Where 𝑃𝑚𝑎𝑥 is the module maximum output power (W), 𝐴𝑝𝑣/𝑡 is the collection surface area of 
the module (m2), 𝐺𝑠 is the total supplied irradiance (W/m
2), 𝐼𝑚𝑝 is the current at maximum 
power (A) and 𝑉𝑚𝑝 is the voltage at maximum power (V).  
Similarly, the collector efficiency (𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙) of the PV/T can be determined using the same 
generic expression for the flat-plate collector, which is defined by this expression;  
 
𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝑚 × 𝐶𝑝 × (𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛)
𝐴𝑝𝑣/𝑡 × 𝐺𝑠
  
 
(4.6) 
 
 
Where 𝑚 is the fluid mass flow rate (m3/s), 𝐶𝑝 is the fluid specific heat capacity at constant 
pressure (4.1796 kJ/kg.K), 𝑇𝑓,𝑜𝑢𝑡 is the fluid outlet temperature (K) and 𝑇𝑓,𝑖𝑛 is the fluid inlet 
temperature (K). These expressions are suitable in most cases when you have the actual test 
results and you want to determine the performance efficiency of the system. The proposed 
PV/T system used for the model will not be practically evaluated, therefore it is essential to 
develop some theoretical models which governs the performance of the system.   
 
The collector has two compartments as illustrated in Figure 40 below, of which the collection 
area of the first compartment is A1 and the intensity of solar irradiance falling onto it, which is 
incident on the aperture plane is Gs. The second compartment has an area A2 and the irradiance 
falling onto it is also Gs. The energy received by the total collection area (A1+A2) is defined by 
the product of the two areas and the irradiance falling on the collection surface.  
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Figure 40: PV/TO design concept 2 configuration 
 
The system is desired to utilize the full product (A1+A2)Gs for both thermal and electrical 
enhancements but a portion of it is considered useful and the balance is lost optically and due 
to the process of heat transfer within the collector components. 
 
𝐺 = 𝐺𝑠 × (𝜏𝛼)   (4.7) 
 
Where 𝜏𝛼 is the Absorptance-Transmittance product and 𝐺 is the irradiance input after optical 
losses (W/m2).  
1st Compartment (PV Cooling and Liquid Pre-heat)  
 
𝑄𝑠 = 𝐺 × A1  (4.8) 
 
Where 𝑄𝑠 is the heat input to the module surface after optical heat losses (W) and A1 is the 
surface area of the first compartment (m2). For the PV/T system, the product of transmittance 
and absorption is much less as compared to conventional flat-plate collectors as the PV module 
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becomes an obstruction to the optical properties meant for the absorber material. For this 
reason, heat transfer analysis for the 1st compartment assumes that the absorber receives its 
useful heat due to conduction between the cell surface. It is also assumed that the temperature 
of the absorber is greater than that of the module due to the confined spaces between the cells, 
allowing for some transmittance to the absorber.  
 
𝑄𝑙𝑜𝑠𝑠 =  𝑄𝑜𝑝𝑡,𝑙𝑜𝑠𝑠 + 𝑄𝑎𝑏𝑠,𝑙𝑜𝑠𝑠  (4.9) 
 
Where 𝑄𝑙𝑜𝑠𝑠 is the total module heat loss (W), 𝑄𝑜𝑝𝑡,𝑙𝑜𝑠𝑠 is the optical heat loss (W) and 𝑄𝑎𝑏𝑠,𝑙𝑜𝑠𝑠 
is the absorber heat loss (W). 𝑄𝑠 takes care of the optical losses and hence the useful heat shall 
be defined by;  
 
𝑄𝑢 = 𝑄𝑠 − 𝑄𝑎𝑏𝑠,𝑙𝑜𝑠𝑠  (4.10) 
 
Where 𝑄𝑢 is the useful heat gain (W). The useful heat can also be defined by this generic 
equation;  
 
𝑄𝑢 = 𝑚𝑓 × 𝐶𝑝𝑓 × (𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛)  (4.11) 
 
𝑄𝑎𝑏𝑠,𝑙𝑜𝑠𝑠 = 𝑈𝑜 × 𝐴1 × (𝑇𝑎𝑏𝑠 − 𝑇𝑎𝑚𝑏)  (4.12) 
 
Substitute equation (4.8) and (4.12) into equation (4.10),  
𝑄𝑢 =  𝐺 × 𝐴1 − 𝑈𝑜 × 𝐴1 × (𝑇𝑎𝑏𝑠 − 𝑇𝑎𝑚𝑏)  (4.13) 
 
      = 𝐴1 × [𝐺 − 𝑈𝑜 × (𝑇𝑎𝑏𝑠 − 𝑇𝑎𝑚𝑏) ]  (4.14) 
 
Where 𝑈𝑜 is the overall heat transfer coefficient (W/m
2K) taking into account all modes of heat 
transfer, 𝑇𝑎𝑏𝑠 is the absorber temperature (K) and  𝑇𝑎𝑚𝑏 is the ambient temperature (K). The 
ambient temperature can be easily found but the absorber average temperature results in some 
complexities which makes the equation above to become a bit of an inconvenience to use. 
Therefore, the collector heat removal factor (FR ) is often introduced to define the relation 
between the useful energy gain of the absorber and the useful energy gain of the collector if 
the whole collector was at inlet fluid temperature and this parameter is defined by the 
expression (Struckmann, 2008); 
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𝐹𝑅 = 
𝑚𝑓 × 𝐶𝑝𝑓 × (𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛)
𝐴1 × [𝐺 − 𝑈𝑜 × 𝐴1 × (𝑇𝑓,𝑖𝑛 − 𝑇𝑎𝑚𝑏) ]
 
 
(4.15) 
 
The maximum possible heat gain in the absorber occurs when the absorber is at inlet fluid 
temperature, this phenomenon minimises the thermal losses and hence increases the collection 
efficiency. Introducing the heat removal factor to the useful heat by multiplying equation (4.14) 
with the useful heat gain at inlet fluid temperature we get;  
 
𝑄𝑢 = 𝐹𝑅 × 𝐴1 × [𝐺 − 𝑈𝑜 × 𝐴1 × (𝑇𝑓,𝑖𝑛 − 𝑇𝑎𝑚𝑏)]   (4.16) 
 
Where 𝑇𝑓,𝑖𝑛 is the fluid inlet temperature (K). Equation (4.16) is generally known as the Hottel-
Whillier-Bliss equation and it is based on a steady state conditions. For practical application, 
the overall heat loss coefficient is expected to change with some of the parameters 
(temperature, air, thermal conductivity) fluctuating based on the environmental conditions. The 
instantaneous thermal efficiency (𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙)  of the absorber is defined as;  
 
𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
∑𝑄𝑢
∑𝑄𝑠
  
 
(4.17) 
 
                 =
𝐹𝑅×𝐴1 × (𝐺 − 𝑈𝑜 × (𝑇𝑓,𝑖𝑛 − 𝑇𝑎𝑚𝑏)
𝐴1 × 𝐺𝑠
 
 
(4.18) 
 
                 =
𝐹𝑅 × (𝐺 − 𝑈𝑜 × (𝑇𝑓,𝑖𝑛 − 𝑇𝑎𝑚𝑏)
𝐺𝑠
  
 
(4.19) 
 
From equation (4.19), it is still difficult to pull out a value for the overall heat transfer 
coefficient (𝑈𝑜) of the absorber since it depends on individual convection heat transfer 
coefficients. The analytical analysis to find this coefficient is rather complex and thus methods 
based on scientific enquiry and observations through experiments (empirical method) are 
employed to estimate the convective and radiative heat transfer coefficients. First, a thermal 
network is modelled to illustratively define the thermal resistances encountered by the losses 
in the direction of heat flow.  
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Using the electrical analogy for parallel resistances to the thermal network;  
 
1
𝑅𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
= 
1
𝑅1
+
1
𝑅2
+ ⋯
1
𝑅𝑛
 
 
(4.20) 
 
Where 𝑅𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 is the equivalent thermal resistances of the parallel branch of the module 
(K/W), 𝑅𝑛 is the resistance describing the number of thermal resistances in the parallel branch 
(K/W). The 1st equivalent thermal resistance (𝑅1) from the network is between the ambient air 
and the glazing (K/W) and it is expressed by;  
 
1
𝑅1
= 
1
1
ℎ𝑟,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏
+
1
1
ℎ𝑐,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏
 
 
(4.21) 
 
      = ℎ𝑟,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 + ℎ𝑐,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏   (4.22) 
 
𝑅1 =
1
ℎ𝑟,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 + ℎ𝑐,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏
  
 
(4.23) 
 
Where ℎ𝑟,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 is the radiative heat transfer coefficient between the ambient air and the 
glazing (W/m2K) and ℎ𝑐,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 is the convective heat transfer coefficient between the 
ambient air and the glazing (W/m2K). The 2nd equivalent thermal resistance (𝑅2) from the 
network is between the glazing and the cell (K/W) and it is expressed by;  
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𝑅2 = 
∆𝑥𝑔𝑙𝑎𝑠𝑠
𝑘𝑔𝑙𝑎𝑠𝑠
 
 
(4.24) 
 
Where ∆𝑥𝑔𝑙𝑎𝑠𝑠 is the glass thickness (m) and  𝑘𝑔𝑙𝑎𝑠𝑠 is the glass thermal conductivity (W/mk). 
The 3rd equivalent thermal resistance (𝑅3) from the network is between the cell and the absorber  
(K/W) and it is expressed by; 
 
𝑅3 = 
∆𝑥𝑐𝑒𝑙𝑙
𝑘𝑐𝑒𝑙𝑙
 
 
(4.25) 
 
Where ∆𝑥𝑐𝑒𝑙𝑙 is the glass thickness (m) and  𝑘𝑐𝑒𝑙𝑙 is the glass thermal conductivity (W/mk). 
The 4th equivalent thermal resistance (𝑅4) from the network is between the absorber and the 
insulation  (K/W) and it is expressed by; 
 
𝑅4 =
∆𝑥𝑖𝑛𝑠
𝑘𝑖𝑛𝑠
  
 
(4.26) 
 
Where ∆𝑥𝑐𝑒𝑙𝑙 is the glass thickness (m) and  𝑘𝑐𝑒𝑙𝑙 is the glass thermal conductivity (W/mk). 
The 5th  equivalent thermal resistance (𝑅5) from the network is between the insulation and the 
module back ambient air (K/W) and it is expressed by; 
 
1
𝑅5
=
1
1
ℎ𝑟,𝑖𝑛𝑠−𝑎𝑚𝑏
+
1
1
ℎ𝑐,𝑖𝑛𝑠−𝑎𝑚𝑏
 
 
(4.27) 
 
      = ℎ𝑟,𝑖𝑛𝑠−𝑎𝑚𝑏 + ℎ𝑐,𝑖𝑛𝑠−𝑎𝑚𝑏    (4.28) 
 
𝑅5 =
1
ℎ𝑟,𝑖𝑛𝑠−𝑎𝑚𝑏 + ℎ𝑐,𝑖𝑛𝑠−𝑎𝑚𝑏
  
 
(4.29) 
 
Where ℎ𝑟,𝑖𝑛𝑠−𝑎𝑚𝑏 is the radiative heat transfer coefficient between the insulation and the 
module ambient air (W/m2K) and ℎ𝑐,𝑖𝑛𝑠−𝑎𝑚𝑏 is the convective heat transfer coefficient between 
the insulation and the module ambient air (W/m2K). 𝑅5 for a lot of flat plate collector designs 
is usually very small, this resistance for the PV/T design is therefore even much smaller, hence 
it is negligible.  
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The overall heat transfer coefficient for this module can be divided into the top and bottom 
coefficients with the reference point central to the absorber in the horizontal direction as per 
the thermal network illustrated above.    
 
𝑈0 = 𝑈𝑡𝑜𝑝 + 𝑈𝑏𝑜𝑡𝑡𝑜𝑚   (4.30) 
 
Where 𝑈𝑡𝑜𝑝 is the top overall heat transfer coefficient from the absorber to the top ambient air 
(W/m2K) and 𝑈𝑏𝑜𝑡𝑡𝑜𝑚 is the bottom overall heat transfer coefficient from the absorber to the 
back ambient air (W/m2K). Using the electrical analogy for resistance in series to the thermal 
network;  
 
𝑅𝑠𝑒𝑟𝑖𝑒𝑠 = 𝑅1 + 𝑅2 + ⋯𝑅𝑛  (4.31) 
 
Where 𝑅𝑠𝑒𝑟𝑖𝑒𝑠 is the equivalent thermal resistances of the series network of the module (K/W), 
𝑅𝑛 is the resistance describing the number of thermal resistances in the series network (K/W). 
From the thermal network, the sum of the top thermal resistances is expressed as;  
 
1
𝑈𝑡𝑜𝑝
= 𝑅1 + 𝑅2 + 𝑅3 
 
(4.32) 
 
         =
1
ℎ𝑟,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 + ℎ𝑐,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏
+
∆𝑥𝑔𝑙𝑎𝑠𝑠
𝑘𝑔𝑙𝑎𝑠𝑠
+
∆𝑥𝑐𝑒𝑙𝑙
𝑘𝑐𝑒𝑙𝑙
   
 
(4.33) 
 
𝑈𝑡𝑜𝑝 = ℎ𝑟,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 + ℎ𝑐,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 +
𝑘𝑔𝑙𝑎𝑠𝑠
∆𝑥𝑔𝑙𝑎𝑠𝑠
+
𝑘𝑐𝑒𝑙𝑙
∆𝑥𝑐𝑒𝑙𝑙
   
 
(4.34) 
 
From equation (4.34), some of the variables needs to be determined using the equations below. 
A generic equation by Watmuff;  
 
ℎ𝑐,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 = ℎ𝑤𝑖𝑛𝑑 = 2.8 + 3𝑢   (4.35) 
 
Where ℎ𝑤𝑖𝑛𝑑 is the wind convective heat transfer coefficient (W/m
2K) and 𝑢 is the wind 
velocity (m/s). and the radiative heat transfer coefficient between the ambient air and the 
glazing and the glass temperature can be estimated using equation (4.36) and (4.37) 
respectively.  
  
ℎ𝑟,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 = 𝜀𝑔𝑙𝑎𝑠𝑠 × 𝜎(𝑇
2
𝑔𝑙𝑎𝑠𝑠 − 𝑇
2
𝑎𝑚𝑏 ) × (𝑇𝑔𝑙𝑎𝑠𝑠 − 𝑇𝑎𝑚𝑏)  (4.36) 
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𝑇𝑔𝑙𝑎𝑠𝑠 = 𝑇𝑎𝑏𝑠 −
𝑈𝑡𝑜𝑝 × (𝑇𝑎𝑏𝑠 − 𝑇𝑎𝑚𝑏)
∆𝑥𝑔𝑙𝑎𝑠𝑠
𝑘𝑔𝑙𝑎𝑠𝑠
+
∆𝑥𝑐𝑒𝑙𝑙
𝑘𝑐𝑒𝑙𝑙
  
 
(4.37) 
 
Where 𝜀𝑔𝑙𝑎𝑠𝑠 is the glass emissivity,  𝑇𝑔𝑙𝑎𝑠𝑠 is the glass temperature (K) and 𝜎 is the Stefan 
Boltzmann constant (5.67 x 10-8 W/m2K4). From the thermal network, the sum of the bottom 
thermal resistances is expressed as;  
 
1
𝑈𝑏𝑜𝑡𝑡𝑜𝑚
= 𝑅4 
 
(4.38) 
 
                =  
∆𝑥𝑖𝑛𝑠
𝑘𝑖𝑛𝑠
  
 
(4.39) 
 
𝑈𝑏𝑜𝑡𝑡𝑜𝑚 =
𝑘𝑖𝑛𝑠
∆𝑥𝑖𝑛𝑠
   
 
(4.40) 
 
Substituting equation (4.34) and (4.40) into equation (4.30), the overall heat transfer coefficient 
of the PV/T module (1st compartment) is expressed as;  
 
𝑈0 = ℎ𝑟,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 + ℎ𝑐,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 +
𝑘𝑔𝑙𝑎𝑠𝑠
∆𝑥𝑔𝑙𝑎𝑠𝑠
+
𝑘𝑐𝑒𝑙𝑙
∆𝑥𝑐𝑒𝑙𝑙
+
𝑘𝑖𝑛𝑠
∆𝑥𝑖𝑛𝑠
  
 
(4.41) 
 
Equation (4.41) describes the critical dependent variable in determining the thermal efficiency 
of the 1st compartment of the module. On the same compartment, another performance 
parameter (electrical efficiency) describing the electrical power produced by the PV module 
exists. The electrical efficiency of the module is estimated from the equations that follows.  
(Chwieduk & Bigorajski, 2018) uses a formula from his literature which was used to determine 
the electrical efficiency of a PV module. The same formula can be used to determine the 
electrical efficiency (𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐) of the PV/T module;  
 
𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = (𝜏𝛼) × 𝜂𝑠𝑡𝑐 × [1 − 𝛽𝑠𝑡𝑐(𝑇𝑝𝑣 − 𝑇𝑠𝑡𝑐)]  (4.42) 
 
Where 𝜂𝑠𝑡𝑐 is the PV/T module efficiency at standard test conditions (STC), 𝛽𝑠𝑡𝑐 is the thermal 
expansion coefficient at STC, 𝑇𝑠𝑡𝑐 is the PV/T module temperature at STC (K) and 𝑇𝑝𝑣 is the 
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PV/T actual module temperature (K). The PV/T manufacturer should have information related 
to transmittance-absorption product, PV/T module efficiency, temperature efficiency factor 
and PV/T module temperature reference at STC. The module temperature (𝑇𝑝𝑣,𝑒𝑓𝑓) now 
referred to as the effective module temperature, should however be calculated and it varies with 
time during the practical operation of the equipment.  
(Chwieduk & Bigorajski, 2018) indicates that studies performed by Tripanagnostopoulos using 
Lasnier and Ang formula and applying a correction factor through the introduction of the 
change in temperature between the arithmetic average of the outlet and inlet fluid temperature 
of the PV/T module and the surrounding ambient temperature (Chwieduk & Bigorajski, 2018). 
The expression is defined as;  
𝑇𝑝𝑣,𝑒𝑓𝑓 =  30 + 0.0175 × (𝐺𝑠 − 300) + 1.14 × (𝑇𝑎𝑚𝑏 − 25) + (𝑇𝑓,𝑎𝑣𝑔 − 𝑇𝑎𝑚𝑏)  (4.43) 
 
Where 𝑇𝑓,𝑎𝑣𝑔 is the fluid average temperature (K).  
 
2nd compartment (liquid reheat)  
 
𝑄𝑠 = 𝐺𝑠 × (𝜏𝛼) × 𝐴2   (4.44) 
 
Where 𝐴2 is the surface area of the second compartment (m
2). The product of transmittance 
and absorption for this compartment is higher than that of the first compartment as the design 
of this is of the nature of the traditional flat-plate collector.  
 
𝑄𝑙𝑜𝑠𝑠 =  𝑄𝑜𝑝𝑡,𝑙𝑜𝑠𝑠 + 𝑄𝑎𝑏𝑠,𝑙𝑜𝑠𝑠  (4.45) 
 
𝑄𝑠 takes care of the optical losses and hence the useful heat will be defined by;  
 
𝑄𝑢 = 𝑄𝑠 − 𝑄𝑎𝑏𝑠,𝑙𝑜𝑠𝑠  (4.46) 
 
The useful heat can also be defined by this generic equation as indicated in the first 
compartment, the difference here is the collection area (𝐴2) and the transmittance-absorption 
product which will increase the overall efficiency of the collector.   
 
𝑄𝑢 = 𝑚𝑓 × 𝐶𝑝𝑓 × (𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛)  (4.47) 
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𝑄𝑎𝑏𝑠,𝑙𝑜𝑠𝑠 = 𝑈𝑜 × 𝐴2 × (𝑇𝑎𝑏𝑠 − 𝑇𝑎𝑚𝑏)  (4.48) 
 
Substitute equation (4.44) and (4.48) into (4.46) we get;  
 
𝑄𝑢 =  𝐺 × 𝐴2 − 𝑈𝑜 × 𝐴2 × (𝑇𝑎𝑏𝑠 − 𝑇𝑎𝑚𝑏)  (4.49) 
 
      = 𝐴2 × [𝐺 − 𝑈𝑜 × (𝑇𝑎𝑏𝑠 − 𝑇𝑎𝑚𝑏) ]  (4.50) 
 
The maximum possible heat gain in the absorber occurs when the absorber is at inlet fluid 
temperature, this phenomenon minimises the thermal losses and hence increases the collection 
efficiency. 
𝐹𝑅 = 
𝑚𝑓 × 𝐶𝑝𝑓 × (𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛)
𝐴2 × [𝐺 − 𝑈𝑜 × (𝑇𝑓,𝑖𝑛 − 𝑇𝑎𝑚𝑏) ]
 
 
(4.51) 
 
Equation (4.50) is multiplied by 𝐹𝑅 which is defined by equation (4.51) and we get;  
 
𝑄𝑢 = 𝐹𝑅 × 𝐴2 × [𝐺 − 𝑈𝑜 × (𝑇𝑓,𝑖𝑛 − 𝑇𝑎𝑚𝑏)]   (4.52) 
 
The instantaneous thermal efficiency of the absorber is defined as;  
 
𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
∑𝑄𝑢
∑𝑄𝑠
  
 
(4.53) 
 
                 =
𝐹𝑅 × 𝐴2 × [𝐺 − 𝑈𝑜 × (𝑇𝑓,𝑖𝑛 − 𝑇𝑎𝑚𝑏)] 
𝐴2 × 𝐺𝑠
 
 
(4.54) 
 
                 =
𝐹𝑅 × [𝐺 − 𝑈𝑜 × (𝑇𝑓,𝑖𝑛 − 𝑇𝑎𝑚𝑏)]
𝐺𝑠
  
 
(4.55) 
 
The thermal network for the second compartment is modelled to find the overall heat loss 
coefficient.  
 
76 
 
 
Using the electrical analogy for parallel resistances to the thermal network;  
 
1
𝑅𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
= 
1
𝑅1
+
1
𝑅2
+ ⋯
1
𝑅𝑛
 
 
(4.56) 
 
1st equivalent thermal resistance from the network;  
 
1
𝑅1
= 
1
1
ℎ𝑟,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏
+
1
1
ℎ𝑐,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏
 
 
(4.57) 
 
     = ℎ𝑟,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 + ℎ𝑐,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏   (4.58) 
 
𝑅1 =
1
ℎ𝑟,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 + ℎ𝑐,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏
  
 
(4.59) 
 
2nd equivalent thermal resistance from the network;  
 
1
𝑅2
= 
1
1
ℎ𝑟,𝑎𝑏𝑠−𝑔𝑙𝑎𝑠𝑠
+
1
1
ℎ𝑐,𝑎𝑏𝑠−𝑔𝑙𝑎𝑠𝑠
 
 
(4.60) 
 
      =  ℎ𝑟,𝑎𝑏𝑠−𝑔𝑙𝑎𝑠𝑠 + ℎ𝑐,𝑎𝑏𝑠−𝑔𝑙𝑎𝑠𝑠  (4.61) 
 
𝑅2 =
1
ℎ𝑟,𝑎𝑏𝑠−𝑔𝑙𝑎𝑠𝑠 + ℎ𝑐,𝑎𝑏𝑠−𝑔𝑙𝑎𝑠𝑠
  
 
(4.62) 
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3rd equivalent thermal resistance from the network;  
 
𝑅3 = 
∆𝑥𝑖𝑛𝑠
𝑘𝑖𝑛𝑠
 
 
(4.63) 
 
4th equivalent thermal resistance from the network  
 
1
𝑅4
=
1
1
ℎ𝑟,𝑖𝑛𝑠−𝑎𝑚𝑏
+
1
1
ℎ𝑐,𝑖𝑛𝑠−𝑎𝑚𝑏
  
 
(4.64) 
 
      =  ℎ𝑟,𝑖𝑛𝑠−𝑎𝑚𝑏 + ℎ𝑐,𝑖𝑛𝑠−𝑎𝑚𝑏  (4.65) 
 
𝑅4 =
1
ℎ𝑟,𝑖𝑛𝑠−𝑎𝑚𝑏 + ℎ𝑐,𝑖𝑛𝑠−𝑎𝑚𝑏
 
 
(4.66) 
 
𝑅4 is small and it is therefore negligible. The overall heat transfer coefficient for this module 
compartment can also be divided into the top and bottom coefficients with the reference point 
central to the absorber in the horizontal direction as per the thermal network illustrated above.  
 
𝑈0 = 𝑈𝑡𝑜𝑝 + 𝑈𝑏𝑜𝑡𝑡𝑜𝑚   (4.67) 
 
Using the electrical analogy for resistance in series to the thermal network;  
 
𝑅𝑠𝑒𝑟𝑖𝑒𝑠 = 𝑅1 + 𝑅2 + ⋯𝑅𝑛  (4.68) 
 
From the thermal network, the top overall loss coefficient is defined as;  
 
1
𝑈𝑡𝑜𝑝
= 𝑅1 + 𝑅2 
 
(4.69) 
 
          =
1
ℎ𝑟,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 + ℎ𝑐,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏
+
1
ℎ𝑟,𝑎𝑏𝑠−𝑔𝑙𝑎𝑠𝑠 + ℎ𝑐,𝑎𝑏𝑠−𝑔𝑙𝑎𝑠𝑠
 
 
(4.70) 
 
𝑈𝑡𝑜𝑝 = ℎ𝑟,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 + ℎ𝑐,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 + ℎ𝑟,𝑎𝑏𝑠−𝑔𝑙𝑎𝑠𝑠 + ℎ𝑐,𝑎𝑏𝑠−𝑔𝑙𝑎𝑠𝑠  (4.71) 
 
From the generic equation derived by Watmuff,  
 
ℎ𝑐,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 = ℎ𝑤𝑖𝑛𝑑 = 2.8 + 3𝑢   (4.72) 
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The radiative heat transfer coefficient between the ambient air and the glazing and the glass 
temperature can be estimated using equation (4.73) and (4.74) respectively.  
 
ℎ𝑟,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 = 𝜀𝑔𝑙𝑎𝑠𝑠 × 𝜎(𝑇
2
𝑔𝑙𝑎𝑠𝑠 − 𝑇
2
𝑎𝑚𝑏 ) × (𝑇𝑔𝑙𝑎𝑠𝑠 − 𝑇𝑎𝑚𝑏)  (4.73) 
 
ℎ𝑟,𝑎𝑚𝑏−𝑔𝑙𝑎𝑠𝑠 = 
𝜀𝑎𝑏𝑠 × 𝜎(𝑇
2
𝑎𝑏𝑠 − 𝑇
2
𝑔𝑙𝑎𝑠𝑠 ) × (𝑇𝑎𝑏𝑠 − 𝑇𝑔𝑙𝑎𝑠𝑠)
1
𝜀𝑎𝑏𝑠
+
1
𝜀𝑔𝑙𝑎𝑠𝑠
− 1
 
 
(4.74) 
 
𝑇𝑔𝑙𝑎𝑠𝑠 =  𝑇𝑎𝑏𝑠 −
𝑈𝑡𝑜𝑝 × (𝑇𝑎𝑏𝑠 − 𝑇𝑎𝑚𝑏)
ℎ𝑟,𝑎𝑏𝑠−𝑔𝑙𝑎𝑠𝑠 + ℎ𝑐,𝑎𝑏𝑠−𝑔𝑙𝑎𝑠𝑠
 
 
(4.75) 
 
Where  𝜀𝑎𝑏𝑠 is the absorber emissivity. The heat transfers due to convection between the 
absorber and the glazing is defined by the dimensionless relations;  
 
𝑁𝑢̅̅ ̅̅ = 𝑓(𝑅𝑎 , 𝑃𝑟)   (4.76) 
 
Where 𝑁𝑢̅̅̅̅  is the Nusselt number, 𝑅𝑎 is the Rayleigh number and 𝑃𝑟 is the Prandtl number. The 
working medium between the absorber and the glazing is air and the general assumption is 
made that the convective heat transfer mode is natural as the velocity of air within the 
compartment is almost stagnant but not to be considered conductive. The mean fluid 
temperature (𝑇𝑓,𝑚𝑒𝑎𝑛) is determined for pulling out fluid properties associated with that 
temperature value.  
𝑇𝑓,𝑚𝑒𝑎𝑛 =
𝑇𝑎𝑏𝑠 + 𝑇𝑔𝑙𝑎𝑠𝑠
2
 
 
(4.77) 
 
𝑁𝑢̅̅ ̅̅ =
ℎ𝑐,𝑎𝑏𝑠−𝑔𝑙𝑎𝑠𝑠 × 𝐿𝑎𝑏𝑠−𝑔𝑙𝑎𝑠𝑠
𝑘𝑓
 
 
(4.78) 
 
Where 𝐿𝑎𝑏𝑠−𝑔𝑙𝑎𝑠𝑠 is the characteristic length between the absorber and the glazing (m) and 𝑘𝑓 
is the fluid thermal conductivity (W/mK).  A Rayleigh number is determined to establish the 
behaviour of the fluid, either laminar or turbulent, we have already established that the air flow 
between those two surfaces is free and not forced. Hence, the flow can be considered laminar 
over the plate, however an alternative is illustrated below;  
 
𝑅𝑎 =
𝑔 × 𝛽𝑎𝑏𝑠−𝑔𝑙𝑎𝑠𝑠 × (𝑇𝑎𝑏𝑠 − 𝑇𝑔𝑙𝑎𝑠𝑠) × 𝐿𝑎𝑏𝑠−𝑔𝑙𝑎𝑠𝑠
3
𝜐𝑎𝑖𝑟 × 𝜑
 
 
(4.79) 
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Where 𝑔 is the gravitational acceleration (9.81 m/s2), 𝜐𝑎𝑖𝑟 is the fluid kinematic viscosity (m
2/s) 
and 𝜑 is the fluid thermal diffusivity (m2/s). Thermal diffusivity, thermal expansion coefficient 
(1/Tf, mean) and the kinematic viscosity are obtained from the chart properties of air over the 
horizontal flat plate.  
 
𝑁𝑢̅̅ ̅̅ = {
0.54𝑅𝑎
1/4  104 ≤ 𝑅𝑎 ≤ 10
7, 𝐿𝑎𝑚𝑖𝑛𝑎𝑟  
0.15𝑅𝑎
1/3   104 ≤ 𝑅𝑎 ≤ 10
7, 𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡
} 
 
(4.80) 
 
The relation in equation (4.80) is for the upper surface of a hot plate and the lower surface is 
not considered. For the laminar flow;  
 
𝑁𝑢̅̅ ̅̅ = 0.54𝑅𝑎
1/4   (4.81) 
 
Therefore;  
 
ℎ𝑐,𝑎𝑏𝑠−𝑔𝑙𝑎𝑠𝑠 = 
𝑁𝑢̅̅ ̅̅ × 𝑘𝑓
𝐿𝑎𝑏𝑠−𝑔𝑙𝑎𝑠𝑠
 
 
(4.82) 
 
From the thermal network, the bottom overall loss coefficient is defined as; 
 
1
𝑈𝑏𝑜𝑡𝑡𝑜𝑚
= 𝑅3 
 
(4.83) 
 
                =
∆𝑥𝑖𝑛𝑠
𝑘𝑖𝑛𝑠
 
 
(4.84) 
 
𝑈𝑏𝑜𝑡𝑡𝑜𝑚 =
𝑘𝑖𝑛𝑠
∆𝑥𝑖𝑛𝑠
 
 
(4.85) 
 
Substituting equation (4.71) and (4.85) into equation (4.67), the overall heat transfer coefficient 
of the module (2nd compartment) is expressed as;  
 
𝑈0 = ℎ𝑟,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 + ℎ𝑐,𝑔𝑙𝑎𝑠𝑠−𝑎𝑚𝑏 + ℎ𝑟,𝑎𝑚𝑏−𝑔𝑙𝑎𝑠𝑠 + ℎ𝑐,𝑎𝑚𝑏−𝑔𝑙𝑎𝑠𝑠 +
𝑘𝑖𝑛𝑠
∆𝑥𝑖𝑛𝑠
 
 
(4.86) 
 
Overall mathematical performance modelling of the PV/TO module  
 
Thermal and electrical efficiency  
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Thermal efficiency of the 1st and the 2nd compartment are combined into one equation. The 
electrical efficiency from the 1st compartment is also incorporated to form the overall 
mathematical efficiency of the PV/TO.  
 
𝐴1 + 𝐴2 = 𝐴𝑝𝑣/𝑡𝑜  (4.87) 
 
From the 1st compartment,  
 
𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝐹𝑅1 × [𝐺1 − 𝑈𝑜 × (𝑇𝑓,𝑖𝑛 − 𝑇𝑎𝑚𝑏)]
𝐺𝑠
 
 
(4.88) 
 
Where 𝐹𝑅1 is the 1
st compartment collector heat removal factor and also from the same 
compartment,  
 
𝜂𝑒𝑙𝑒𝑐𝑟𝑖𝑐 = (𝜏𝛼) × 𝜂𝑠𝑡𝑐 × [1 − 𝛽𝑠𝑡𝑐(𝑇𝑝𝑣 − 𝑇𝑠𝑡𝑐)]  (4.89) 
 
From the 2nd compartment,  
 
𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝐹𝑅2 × [𝐺2 − 𝑈𝑜 × (𝑇𝑓,𝑖𝑛 − 𝑇𝑎𝑚𝑏)]
𝐺𝑠
  
 
(4.90) 
 
Where 𝐹𝑅2 is the 2
nd compartment collector heat removal factor. Combining equation (4.88), 
(4.90) and (4.89) we get the overall PV/TO performance expressed as;  
 
𝜂𝑝𝑣/𝑡𝑜 =
𝐹𝑅1 × [𝐺1 − 𝑈𝑜 × (𝑇𝑓,𝑖𝑛 − 𝑇𝑎𝑚𝑏)]
𝐺𝑠
+
𝐹𝑅2 × [𝐺2 − 𝑈𝑜 × (𝑇𝑓,𝑖𝑛 − 𝑇𝑎𝑚𝑏)]
𝐺𝑠
+ (𝜏𝛼) × 𝜂𝑠𝑡𝑐 × [1 − 𝛽𝑠𝑡𝑐(𝑇𝑝𝑣 − 𝑇𝑠𝑡𝑐)] 
 
 
(4.91) 
 
𝜂𝑝𝑣/𝑡𝑜 =
𝐹𝑅1 × (𝐺1 − 𝑈𝑜 × ∆𝑇1) + 𝐹𝑅2 × (𝐺2 − 𝑈𝑜 × ∆𝑇2)
𝐺𝑠
+ (𝜏𝛼) × 𝜂𝑠𝑡𝑐 × [1 − 𝛽𝑠𝑡𝑐(𝑇𝑝𝑣 − 𝑇𝑠𝑡𝑐)]   (4.92) 
 
Using the general performance equations to determine the overall efficiency of the PV/TO;  
 
𝜂𝑝𝑣/𝑡𝑜 =
𝑚𝑓 × 𝐶𝑝,𝑓 × (𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛)
𝐴𝑝𝑣/𝑡𝑜 × 𝐺𝑠
+
𝐼𝑚𝑝 × 𝑉𝑚𝑝
𝐴1 × 𝐺𝑠
 
 
(4.93) 
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Due to difficulties in finding the fluid interface temperature between the two compartments 
mathematically, it is therefore recommended that equation (4.93) be used as provided. The PV 
module is only present in the 1st compartment, hence 𝐴1 is used as the collecting surface area.  
 
Optimised factor  
 
Equation (4.93) can be further detailed to a more realistic performance parameter the author 
refers to as the optimised factor which determines the fraction of thermal energy improved 
from the standard PV/T module due to changes in design. The total thermal output from the 
PV/TO module at a given flowrate is given by;  
 
𝑄𝑝𝑣/𝑡𝑜 = 𝑚𝑓 × 𝐶𝑝 × (𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛)  (4.94) 
 
The total power produced by the thermal region (2nd compartment) of the PV/TO is expressed 
by;  
 
𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑜𝑝𝑡𝑖𝑚𝑖𝑠𝑒𝑑 = 𝑚𝑓 × 𝐶𝑝 × (𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛)  (4.95) 
 
Where 𝑇𝑓,𝑜𝑢𝑡  in this case is the fluid interface temperature between the PV/T and the thermal 
portion of the PV/TO Alternatively,  
 
𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑜𝑝𝑡𝑖𝑚𝑖𝑠𝑒𝑑 = 𝑄𝑝𝑣/𝑡𝑜 − 𝑄𝑝𝑣/𝑡  (4.96) 
 
Where 𝑄𝑝𝑣/𝑡𝑜 is the thermal output provided by the PV/TO module (W)  and 𝑄𝑝𝑣/𝑡 is the 
thermal output provided by the PV/T module of the same dimensions (W). The power which 
would have been provided by the PV cells compromised for the integration of the thermal 
region of the PV/TO is expressed by;  
 
𝑄𝑐𝑜𝑚𝑝𝑟𝑜𝑚𝑖𝑠𝑒𝑑 =
𝑃𝑝𝑣 𝑟𝑎𝑡𝑒𝑑
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠
  
 
(4.97) 
 
Where 𝑃𝑝𝑣 𝑟𝑎𝑡𝑒𝑑 is the module rated electrical power output (W) provided by the manufacturer. 
Finally, the optimised factor (𝑓𝑜𝑝𝑡𝑖𝑚𝑖𝑠𝑒𝑑) is expressed by;  
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𝑓𝑜𝑝𝑡𝑖𝑚𝑖𝑠𝑒𝑑 =
𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑜𝑝𝑡𝑖𝑚𝑖𝑠𝑒𝑑 − 𝑄𝑐𝑜𝑚𝑝𝑟𝑜𝑚𝑖𝑠𝑒𝑑
𝑄𝑝𝑣/𝑡𝑜
  
 
(4.98) 
 
If the standard PV/T size for a given power rating is not used to incorporate the thermal region 
of the PV/TO where an allowance for an increase in the size of the PV/T is permitted, then the 
module utilizes full power of the PV cells and none are compromised, this makes the optimised 
factor to be expressed by;  
 
𝑓𝑜𝑝𝑡𝑖𝑚𝑖𝑠𝑒𝑑 =
𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑜𝑝𝑡𝑖𝑚𝑖𝑠𝑒𝑑
𝑄𝑝𝑣/𝑡𝑜
  
 
(4.99) 
 
 
Solar fraction  
 
The load required as per the set demand is given by; 
 
𝑄𝑑𝑒𝑚𝑎𝑛𝑑 = 𝑚𝑓 × 𝐶𝑝 × (𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛)  (4.100) 
 
Where 𝑇𝑓,𝑜𝑢𝑡  is the household utilization temperature. The total load required produced by the 
PV/TO is given by;  
 
𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝑚𝑓 × 𝐶𝑝 × (𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛)  (4.101) 
 
The total load required to be covered by the auxiliary equipment (electric boilers) in the case 
where the water temperature in the storage tank is less than the utilization temperature or in the 
case where solar thermal energy can only cover a certain fraction of the daily load is defined 
by the expression;  
 
𝑄𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦 = 𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙  <  𝑄𝑑𝑒𝑚𝑎𝑛𝑑  (4.102) 
 
Finally, the solar fraction is given by;  
 
𝑓 =
(𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙 − 𝑄𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦)
𝑄𝑑𝑒𝑚𝑎𝑛𝑑
 
 
(4.103) 
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Manufacturing Considerations  
The prototype should be built with high precision machining and manual fabrication is not 
recommended so as to minimise the manufacturing inefficiencies which would result in biased 
performance results. Its performance should be validated using high tech precision equipment 
especially for welding.  Semi-automatic laminator and framing machines as well as fibre laser 
cell cutting should be used.  
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CHAPTER 5 - RESEARCH RESULTS AND DISCUSSIONS  
5.1 Introduction  
This chapter presents the results from the survey conducted on renewable energy technologies. 
The analysis is discussed through graphical representations and important findings emerged 
from the discussions. Important findings are also obtained from the prototype results of the 
design concept 1 and are analysed using calculations and graphical solutions to determine if a 
certain parameter is to be used in the next design concept (design concept 2).  The design 
concept 2 simulation results are also comprehensively discussed through calculations in this 
chapter. The analyses of this results derived from the simulation results and mathematical 
models are developed to enable economic performance comparism of the design concept 2 
(PV/TO) model and conventional PV/T model.  
5.2 Survey  
As already discussed in the methodology, results for the survey are presented in this chapter. 
The survey featured 100 participants and had the total of 8 questions categorised in 4 questions 
(2 question per category).  The participants who were involved in the survey were most likely 
to know about the renewable energy technologies due to the field of study and practice they 
are subjected to as per the criteria used to select these participants and were all from the 
Engineering fields.  
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Figure 41: Percentage of respondents who answered Y/N to the survey questions. 
 
5.2.1 Renewable Energy Questions 
As illustrated in Figure 41, of the 100 participants, 94% of the respondents agreed to be familiar 
with the concept of renewable energy and about 84% (84 participants) of the total participants 
answered correctly to the follow-up question which was to explain what the concept meant.  
5.2.2 Photovoltaic (PV) Technology Questions 
Of the 100 participants, 96% of the respondents agreed to know the technology and 4% were 
not familiar with the concept of photovoltaics and about 94% (94 participants) of the total 
participants admitted to the follow-up question which was to acknowledge if they have seen it 
whether in the media, books, and in their local communities within the last 12 months. From 
these findings, one may deduce that a considerably much higher percentage of respondents are 
actively participating in matters related to PV technologies.  
5.2.3 Flat-plate/evacuated Tube Collector Technology Questions 
Of the 100 participants, 88% of the respondents agreed to know the technology and 12% were 
not familiar with the concept of flat-plate collectors and about 90% (90 participants) of the total 
participants admitted to the follow-up question which was to acknowledge if they have seen it 
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whether in the media, books, and in their local communities within the last 12 months. From 
these findings, one may deduce that a considerably much higher percentage of respondents are 
actively participating in matters related to flat-plate collector technologies.    
5.2.4 Photovoltaic/Thermal (PV/T) Technology Questions 
Of the 100 participants, 46% of the respondents agreed to know the technology and 54% were 
not familiar with the concept of PV/T and about 11% (11 participants) of the total participants 
admitted to the follow-up question which was to acknowledge if they have seen it whether in 
the media, books, and in their local communities within the last 12 months. From these 
findings, one may deduce that a lower percentage of respondents are actively participating in 
matters related to PV/T technologies.  
 
Figure 42: Proportion of overall participants (Mechanical and Electrical to Other Engineering) who answered Y to the 
PV/T questions 
 
It is already established from the findings that out of the total number of participants surveyed, 
about 92% on average are actively participating or having interest in activities related to solar 
flat-plate collectors and PV technologies. Figure 42 intends to illustrates deep into the course 
of study/practice from the number of participants who have shown interest in these 
technologies, and it is evident that participants doing Mechanical and Electrical Engineering 
are most likely to be interested in the technological developments of solar technologies. About 
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89% on average of participants who have interest in these technologies based on the survey, 
are possessing or studying towards a Mechanical or Electrical Engineering qualifications. The 
balance (11%) possess or are studying towards an Engineering qualifications. This finding 
however may be due to uneven ratio used as per the survey selection criteria of Mechanical 
and Electrical Engineering to Other Engineering being 60:40 respectively.  
 
 
Figure 43: Proportion of overall participants as per the Engineering field who answered Y to the PV/T questions 
 
Figure 41, presents that out of 100 participants, 46% of the respondents agreed to know the 
PV/T technology and 54% were not familiar with the concept of PV/T and about 11% (11 
participants) of the total participants admitted to the follow-up question which was to 
acknowledge if they have seen it whether in the media, books, and in their local communities 
within the last 12 months. Figure 43 further presents these results by the Engineering 
qualification name to illustrate which course is more interested or actively participating in the 
PV/T technologies.  
 
Of the 46 participants, 37%, 50% and 13% of the respondents who agreed to know the PV/T 
technology were Mechanical, Electrical and other Engineering respectively. However, 55%, 
36% and 9% of the respondents who admitted to the follow-up question which was to 
acknowledge if they have seen it whether in the media, books, and in their local communities 
within the last 12 months were Mechanical, Electrical and other Engineering respectively.  
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Figure 44: Proportion of overall male to female participants who answered Y to the PV/T questions 
 
The survey does not aim to portray that a certain gender is more interested in PV/T 
technological developments than the other gender but based on these findings, out of 46 
participants who agreed to have known the technology, 57% are male and 43% are females. 
However, of those agreed, 55% and 45% of the respondents admitted to the follow-up question 
which was to acknowledge if they have seen it whether in the media, books, and in their local 
communities within the last 12 months were male and female respectively as illustrated in 
Figure 44.  
 
 
Figure 45: Proportion of overall participants (students, professionals and manufactures) who answered Y to the PV/T 
questions 
 
Of the 46 participants 39%, 36% and 25% of the respondents who agreed to know the PV/T 
technology were professionals, manufactures and students respectively as shown in Figure 45. 
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However, 52%, 41% and 7% of the respondents who admitted to the follow-up question which 
was to acknowledge if they have seen it whether in the media, books, and in their local 
communities within the last 12 months were professionals, manufactures and students 
respectively. The highest number of participants who have shown active participation or 
interest in the PV/T technology is institutional professionals, followed by manufactures (solar 
technology sellers and installers). Although 60% of the total participants are students, they are 
least in terms of active participation or interest in the development of PV/T technologies. The 
interest in the PV/T technology is therefore limited academically and slightly considerable 
professionally.  
 
If the anchor demand for these system is for DHW heating and cooling as well as pool heating 
as indicated in the literature, one needs to concentrate on energy demand in the commercial 
and residential areas and see where most demand is at and for these reason only, conventional 
thermal systems will always be the preferred choice for DHW due to its high thermal 
conversion and fairly competitive system costs. This consideration sorely leaves the suitable 
applications for PV/T as thermal utilization for pool heating. How many residential customers 
have pools build in their household and if that is the basis or the anchor demand, how well will 
they perform in the market based on this limitation, that is why the PV/T technologies are not 
common because they have limited demand which ultimately makes them undesirable for the 
vast majority of residential energy consumers without pools installed. Even those who have 
pools installed in their homes. The only space the technology may successfully play at will be 
for regions where space is limited and there is demand for both heat and electricity, this is only 
applicable for regions where the buildings are over-populated, unfortunately buildings in South 
Africa have enough space on their roof and the common technology is already evacuated tube 
collectors, flat-plate collectors and PV modules. For the South African context, for the system 
to be more competitive, it needs its thermal output improved which will create competitive 
markets for the mentioned three solar collectors which are already thriving and are the preferred 
methods to utilize solar energy as the country moves towards greener economy. Another 
method to ensure sustainability of the technology is to create a unique anchor demand for the 
technology, the rationale that is used should be similar to the one used in the oil and gas industry 
where if the new technology which uses natural gas is to be introduced in a new country, then 
the anchor demand used is that of a power station for the gas turbines which utilizes Liquefied 
Natural Gas (LNG). Using this method ensures that the technology gets recognitions and 
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becomes more common in the market, for the country, the anchor demand should be that of 
installing the solar powered air conditioning system where the vast majority of energy 
requirements in the process of converting heat into conditioned air utilizes the thermal output 
and a fraction of the energy requirements utilizes electrical output to run the rotary components 
of the solar air conditioning system which can be powered from the electrical output 
incorporated in the PV/T system. The solar powered solar conditioning unit may be integrated 
in a similar manner as the installation of flat-plate or evacuated collectors supported by 
government policies as can be seen in most newly build homes in the country. The Department 
of Energy (DoE) in South Africa launched a SWH programme in 2009 with an objective to 
equip a million homes by the end of 2014/15 financial year. The programme however installed 
417 135 units by 2016 (Ratshomo & Nembahe, 2018). The programme initially targeted private 
and commercial installations that had electric geysers already installed with an aim to reduce 
the hot water demand produced by the electric geysers and eventually straining the national 
grid. The incentive method used was providing a subsidy on the cost of purchase for SWH 
installation. Projections have been made that an additional 4 million SWHs will be installed by 
2030 with an additional programme targeting failed electric geysers with SWH system.  
 
The overall system design will ensure that more than one panel is used which means that the 
electrical and the thermal output is increased due to the increased collection area. This means 
that the daily household thermal load may be archived, which eliminates the concept of 
installing conventional thermal collectors and makes the competition between the three thermal 
systems (flat-plate collectors, evacuated tube collectors and PV/T collectors) more competitive 
where consumers will then be given a choice of technology based on their energy requirements 
and system design. In winter, the demand for heat goes up and conventional solar thermal 
system usually covers the entire heating load depending on the number of panels installed, in 
summer the system for the same number of panels will be expected to produce a surplus of 
heating load due to the favourable environmental conditions, this however only increases the 
thermal efficiency and has the potential to cause system upset conditions if the surplus is not 
utilised elsewhere. For the reasons mentioned above, it is imperative to note the suitability of 
the solar powered air conditioning systems with other solar energy technologies. The system 
meets the thermal load requirements in winter and has the potential to meet the minimum 
requirements for thermal load requirements in the same period for the purpose of providing 
heated conditioned air in the house due to cold climatic conditions. The system further becomes 
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favourable in summer which is currently a limitation, where the thermal load requirement is 
met and in the same period, surplus load is used to power the air conditioning system for 
providing cooled conditioned air due to hot climatic conditions. The solar air conditioning 
system technology choice is beyond the scope of this project and it is used to illustrate the 
importance of incorporating the new demand anchor for the PV/T system to be competitive 
and eventually be common in the market of solar energy technologies. The case presented here 
for the PV/T technologies will only be feasible if the configuration is altered for the improved 
thermal output hence the design of the PV/TO system which is strongly recommended for the 
case presented in this chapter.  
 
The cause might be due to the restrictions made by market-readily technologies such as solar 
thermal technologies and PV technologies where the integration of the two technologies results 
in inefficiencies which causes the cost to escalate and therefore making the technology 
undesirable. Practically in terms of companies no longer seeing the need to produce these 
incredible technologies. 
 
5.3 Design Concept 1 Experimental Validations  
Test Location: Lotus Gardens, Pretoria West (September 2019)  
These tests were first performed under optimum conditions to determine the short circuit 
current and open circuit current. These varying conditions ensured that we find the maximum 
Isc and Voc out of the module and The Imp and Imp are pre-determined by the cell 
manufacturers tested at STC. Based on the cell configuration and the system setup shown in 
Figure 46 for the PV module, Table 3 below outlines the measured Isc and Voc.  
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Figure 46: 1st concept test apparatus and configuration 
 
Table 3: maximum  measured Isc and Voc under optimum conditions 
Short Circuit Current (Isc)  163.9 mA 
Open Circuit Voltage (Voc) 189.2 V 
Optimum Operating Current (Imp) 170 mA 
Optimum Operating Voltage (Vmp) 165 V 
Power at Voc and Ioc (Poc/sc) 31 W 
Maximum power (Pmax) 28.05 W 
 
From these measurements and with reference to theory, Isc and Voc should be greater than 
Vmp and Imp. The theory supports voltage measurements were the Voc is greater than the 
Vmp but current measurements do not support the theory or favourable tests conditions could 
not be archived were Isc is greater than Imp. However, this error does not affect the desired 
outcomes of the results for the tests conducted.  There is possible explanation for the error 
incurred relating to the Isc measured for the module. The panel might have been placed at a 
not so ideal angle in relation to the sun radiation. Excessive temperature of the module 
especially within the inside compartments due to considerable thickness layer of air gaps which 
allows for uncontrolled convective and radiative heat losses through the glazing. 
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Figure 47: Hourly GHI for September 2019 at Irene  
 
The SAWS has a solar radiometric network dating back from the 1960s, capable of measuring 
hourly global horizontal irradiance (GHI) and diffuse horizontal irradiance (DIF). The network 
was re-established to include the Direct Normal Irradiance and Long-Wave Downward 
irradiance (LWD). The report (Mabasa, et al., 2018) showed substantial evidence that the 
overall measured data is accurately good and imperative for practical and scientific applications 
in solar energy technologies for all 6 climatological regions in South Africa. The measured 
parameter of interest in this particular solar application is the GHI with percentage accuracy of 
93.64%. Irene located south of Pretoria in Gauteng under the City of Tshwane Metropolitan 
Municipality is the closest station which covers the prototype testing region. The hourly GHI 
of reference will therefore be that measured at Irene by the SAWS. The data provided is used 
to determine the time of the day where the region gets more sunlight (irradiance) for the month 
of September and October (prototype testing months) as shown in Figure 47.  
 
5.3.1 Operating Conditions and Location Parameters 
Test Location: Lotus Gardens, Pretoria West (October 2019)  
Wind Speed: 11km/h 
Direction: West 
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Humidity: 18% 
 
Latitude: -25.762272 
Longitude: 28.074496 
 
 
 
Figure 48: hourly GHI for October 2019 at Irene 
 
Figure 48 was used to determine the time in the day where Irene region gets the most sunlight 
(irradiance), which was between 09:00 and 14:00. Figure 39 further validates the chosen testing 
periods with the maximum irradiance (1020 W/m2) recorded at around 11:00.  
5.3.2 Test 1a: Short Circuit Current (Initial Operating Conditions) 
Time: 11:33  
Test duration: 10 minutes  
 
Ambient temperature: 40.3 ºC 
PV surface temperature: 53.9 ºC 
Average module irradiance: 790 W/m2  
 
Short Circuit Current: 163.5 mA 
Maximum Current (Imp): 161.5 mA 
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5.3.3 Test 1b: Open Circuit Voltage (Initial Operating Conditions) 
Time: 11:44 
Test duration: 10 minutes  
 
Ambient temperature: 40 ºC 
PV surface temperature: 53.5 ºC 
Average module irradiance: 778 W/m2 
 
Open Circuit Voltage: 144.72 V 
Maximum Voltage (Vmp): 139.2 V  
 
5.3.4 Test 2:  Voltage and Current Across LOAD under Water Flow Conditions Only 
Time: 13:09 
Test duration: 10 minutes  
 
Ambient temperature: 37.7 ºC 
PV surface temperature: 50.7 ºC 
Average module irradiance: 760 W/m2 
 
Liquid inlet temperature: 28.68 ºC 
Liquid outlet temperature: 45.3 ºC 
Flowrate: 1.429 L/min   
 
Resistive Load: 970 Ω 
Power at Isc and Voc: 150.6V x 163.9mA = 24.68 W 
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Figure 49: Current behaviour graph (water supply test) 
 
From Figure 49, current across the load remains almost constant as compared to the initially 
measured current (161.5 mA) when water is supplied in the collecting tubes of the PV/TO. 
Although a high of 162.3 mA is obtained in the seventh minute. The average current trend 
between 0 – 10 minutes is constant. From this finding, it is deduced that the introduction of 
water into the PV/TO collecting tubes with hopes to cool the cells have minimal impact on the 
current for the recorded time.  
 
 
Figure 50: Voltage behaviour graph (water supply test) 
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As per the illustration in Figure 50, from the initial measured voltage (139.2 V) before the 
introduction of water into the collecting tubes of the PV/TO, measured voltage gradually 
increases. The average voltage trend between 0 – 10 minutes is an increase by 3.65%. From 
this finding, it is deduced that the introduction of water into the PV/TO collecting tubes with 
hopes to cool the cells increases the voltage.  
 
Figure 51:IV curve (water supply test) 
 
This I-V curve is expected to be slightly different to the conventional curve due to the fact that 
optimum Isc and Voc are not used instead the ones measured at the testing location was used 
to better understand the performance irrespective of the error. The maximum power within the 
10 minutes’ period is recorded as 23.39 W for this test shown in Figure 51. The maximum 
power archived for the initial conditions is 22.48 W, representing improved performance by 
4.05% when water is being supplied to cool the cells. The optimum power (power at Isc and 
Voc) measured against is 24.68 W for this test.  
5.3.5 Test 3: Voltage and Current Across LOAD under Water Supply and Peltier Effect Conditions 
Time: 13:20 
Test duration: 10 minutes  
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Ambient temperature: 37 ºC 
PV surface temperature: 49.4 ºC 
Average module irradiance: 760 W/m2 
 
Liquid inlet temperature: 28.50 ºC 
Liquid outlet temperature: 41.01 ºC 
Flowrate: 1.429 L/min   
 
Resistive Load: 970 Ω 
Power at Isc and Voc: 150.6V x 163.9mA = 24.68 W 
 
 
Figure 52: Current behaviour graph (water supply and Peltier test) 
 
As per the illustration in Figure 52, current across the load gradually increases from the initially 
measured current (161.5 mA) when the cooling method introduced is both Peltier effect and 
water supply. The average current trend between 0 – 10 minutes is gradually upward by just 
0.37%. From this finding, it is deduced that the method of cooling the cells using both the 
Peltier and water slightly increases the current. This gradual increase in current may be due to 
the fact that the average irradiance measured between the two tests is relatively the same which 
ultimately result in smaller changes in the measured current.  
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Figure 53: Voltage behaviour graph (water supply and Peltier test) 
 
As per the illustration in Figure 53, from the initial measured voltage (139.2 V) before the 
introduction of water into the collecting tubes of the PV/TO, measured voltage gradually 
increases. The average voltage trend between 0 – 10 minutes is gradually upward by 3.59%. 
From this finding, it is deduced that the method of cooling the cells using both the Peltier and 
water increases the voltage. 
 
 
Figure 54: IV Curve (Water Supply and Peltier test) 
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The maximum power within the 10 minutes’ period is recorded as 23.37 W for this test show 
in Figure 54. The maximum power archived for the initial conditions is 22.48 W, representing 
improved performance by 3.96% when water and the Peltier effect is being used to cool the 
cells. The optimum power (power at Isc and Voc) measured against is 24.68 W for this test.  
5.3.6 Test 4: Voltage and Current Across LOAD under Peltier Effect Conditions Only  
Time: 13:32 
Test duration: 10 minutes  
 
Ambient temperature: 36.5 ºC 
PV surface temperature: 49.05 ºC 
Average module irradiance: 750 W/m2 
 
Resistive Load: 970 Ω 
Power at Isc and Voc: 150.6V x 163.9mA = 24.68 W 
 
 
Figure 55: Current behaviour graph (Peltier test) 
 
As per the illustration in Figure 55, current across the load remains almost constant as compared 
when the Peltier effect is used to cool the cells. Although a high of 162.9 mA is obtained 
between the sixth and the seventh minute. The average current trend between 0 – 10 minutes 
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is constant. From this finding, it is deduced that the introduction of water into the PV/TO 
collecting tubes with hopes to cool the cells have minimal impact on the current for the recorded 
time. This constant trend in current may be due to the fact that the average irradiance measured 
between the two tests is relatively the same which ultimately result in smaller changes in the 
measured current.  
 
 
Figure 56: Voltage behaviour graph (Peltier test) 
 
As per the illustration in Figure 56, from the initial measured voltage (139.2 V) before the 
introduction of water into the collecting tubes of the PV/TO, the measured voltage increased 
to highs obtained to be 145.19 V. The average voltage trend between 0 – 10 minutes is however 
constant. From this finding, it is deduced that the method of cooling the cells using both the 
Peltier and water increases the voltage but its behaviour fluctuates up and down.  
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Figure 57: IV curve (Peltier test) 
 
The maximum power within the 10 minutes’ period is recorded as 23.65 W for this test shown 
in Figure 57. The maximum power archived for the initial conditions is 22.48 W, representing 
improved performance by 5.20% when water cooling and the Peltier effect cooling is being 
used to cool the cells. The optimum power (power at Isc and Voc) measured against is 24.68 
W for this test.  
5.3.7 Performance Calculations 
The following instantaneous efficiencies have been calculated using the equations below;  
 
𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 =
𝑃𝑜𝑢𝑡𝑝𝑢𝑡
𝐴𝑝𝑣/𝑡 × 𝐺𝑠
 
 
(5.1)  
 
                  =
𝐼𝑚𝑝 × 𝑉𝑚𝑝
𝐴𝑝𝑣/𝑡 × 𝐺𝑠
 
 
(5.2)  
 
Where 𝑃𝑜𝑢𝑡𝑝𝑢𝑡 is the module output power at that instance (W), 𝐴𝑝𝑣/𝑡 is the module collector 
area (m2), 𝐺𝑠 is the incoming solar irradiance (W/m
2), 𝐼𝑚𝑝 is the current at maximum power 
(A) and 𝑉𝑚𝑝 is the corresponding voltage at maximum power (V).  
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And for the thermal output;  
 
𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝑚 × 𝐶𝑝 × (𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛)
𝐴𝑝𝑣/𝑡 × 𝐺𝑠
 
 
(5.3)  
 
Where 𝑚 is the water mass flow rate (kg/s), 𝐶𝑝 is the specific heat capacity of water at constant 
pressure (kg/kgK), 𝑇𝑓,𝑜𝑢𝑡 is the water outlet temperature (K) and 𝑇𝑓,𝑖𝑛 is the water inlet 
temperature (K).  
 
Table 4: Prototype performance summary 
Tests 
Thermal 
Power (W) 
PV 
Power 
(W) 
Area 
(m2) 
Electrical 
Efficiency 
(%) 
Thermal 
Efficiency 
(%) 
Overall 
Efficiency 
(%) 
Water 
Flow Only 
165.44 23.39 0.3531 9.69 61.65 71.34 
Water 
Flow and 
Peltier  
124.53 23.37 0.3531 9.66 46.40 56.06 
Peltier 
Only 
- 23.65 0.3531 9.91 - - 
 
Table 4 shows the summary of the prototype performance calculations performed using 
Equation (5.2) and (5.3).  
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Figure 58: IV curves for all 4 conducted tests 
 
For all four conducted tests, the measured current almost remained constant as shown in Figure 
58 due to minimal influence of irradiance during the tests. The irradiance measured for all four 
conducted tests is almost similar ranging from 790W/m2 – 750W/m2 measured using a mobile 
Pyranometer App. The results were confirmed later by the GHI data as earlier illustrated in 
Figure 48 received from the SAWS on the day of the tests. All three cooling methods as per 
the conducted tests proved to be effective and increased the voltage from the initial measured 
conditions.  
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Figure 59: Power-voltage curve for all 4 conducted tests 
 
The module power from the initial test conditions is found to be 22.48 W. The first test (water 
supply test) improves the power to 23.39 W. The second test (water supply and Peltier test) 
improves the power to 23.37 W. The third test (Peltier test) improves the power to 23.65 W. 
for all the tests conducted, the average power obtained was 23.47 W from the initial 22.48 W. 
The graphical differences are clearly illustrated in Figure 59. PV cooling by means of water is 
already a known phenomenon and as expected the power increased when water was supplied 
to the PV/TO. The power increment from the initial conditions (22.48W) was by 4.05%, 3.96% 
and 5.20% for water supply cooling, both water supply and Peltier effect cooling and Peltier 
effect cooling respectively. A new method to cool the PV surface was investigated were the 
Peltier was used and the results were about 1.1% higher to that of conventional cooling method.  
The Peltier cooling method improved the power output of the PV module by 5.20% which is 
higher than conventional cooling method (water contained tubes) but since the Peltier effect 
cooling method only improves performance from conventional method by only 1.1% and 
requires external power to run for the set period, it will not be incorporated in the second 
concept design which is the final design of the PV/TO.   
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5.4 Design Concept 2 Simulation Results and Calculations  
Table 5: Inlet boundary conditions 
Temperature (ºC) 28 
Flow Rate (L/h) 60 
Ambient Temperature (ºC) 35 
 
Table 5 above shows the inlet boundary conditions that have been used for all 6 simulations 
conducted for the PV/TO design concept 2. These boundary conditions have been kept constant 
and were applicable throughout the simulations. (Rodriguez-Hidalgo, et al., 2013) in his report 
shows the consideration that of the total incident solar radiation, 64% of heat is considered 
useful. Out of the losses, 20% is due to optical losses, 12% is through the cover and 4% is 
through the insulation back surface. (Struckmann, 2008) in his analysis, however presented his 
outcomes to say, out of the total incident solar radiation, 45% of heat is considered useful. Out 
of the losses, 40% is through the cover and 15% is due to optical losses for flat-plates with 25-
35 mm spacing between the collector and the cover. (Ramos, et al., 2017) in his report 
illustrates that out of the total incident solar radiation, only 15% of the total solar radiation 
absorbed (90%) by the PV module surface is converted to electricity. The analysis based on 
these three studies is used to assign heat generations in the model absorbers as to allow for heat 
transfer. These heat generations are based on different heat fluxes in the interval of 200, 400, 
600, 800 and 1000 W/m2.  
1st Simulation 
Incoming heat flux: 200 W/m2 
Table 6: Simulation 1 results 
 
 
 
 
 
 
 
Outlet Conditions 
Temperature (ºC) 35.25 
Volume flow rate (L/h) 59.75 
Mass flow rate (kg/s) 0.016567 
Velocity (m/s) 0.1137 
Pressure (Pa) 0.004229 
Area (m2) 0.0001459 
Density (kg/m3) 998.201 
Specific Heat Capacity (kJ/kg.K) 4.1796 
107 
 
 
Table 6  and Figure 60 presents simulation results for the incoming irradiance of 200 W/m2 for 
the PV/TO model.  
 
 
 
Figure 60: Temperature distribution for simulation 1 
 
2nd Simulation  
 
Incoming heat flux: 400 W/m2 
Table 7: Simulation 2 results 
Outlet Conditions 
Temperature (ºC)  35.75 
Volume flow rate (L/h)  59.75 
Mass flow rate (kg/s) 0.016567 
Velocity (m/s) 0.1137 
Pressure (Pa)  0.004243 
Area (m2) 0.0001459 
Density (kg/m3) 998.201 
Specific Heat Capacity (kJ/kg.K) 4.1796 
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Table 7  and Figure 61 presents simulation results for the incoming irradiance of 400 W/m2 for 
the PV/TO model.  
 
 
Figure 61: Temperature distribution for simulation 2 
 
3rd Simulation  
 
Incoming heat flux: 600 W/m2 
Table 8: Simulation 3 results 
Outlet Conditions 
Temperature (ºC)  36.24 
Volume flow rate (L/h)  59.75 
Mass flow rate (kg/s) 0.016567 
Velocity (m/s) 0.1127 
Pressure (Pa)  0.01312 
Area (m2) 0.0001459 
Density (kg/m3) 998.201 
Specific Heat Capacity (kJ/kg.K) 4.1796 
 
Table 8  and Figure 62 presents simulation results for the incoming irradiance of 600 W/m2 for 
the PV/TO model.  
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Figure 62: Temperature distribution for simulation 3 
 
4th Simulation  
 
Incoming heat flux: 800 W/m2 
Table 9: Simulation 4 results 
Outlet Conditions 
Temperature (ºC)  36.74  
Volume flow rate (L/h)  59.75 
Mass flow rate (kg/s) 0.016567 
Velocity (m/s) 0.1137 
Pressure (Pa)  0.00339 
Area (m2) 0.0001459 
Density (kg/m3) 998.201 
Specific Heat Capacity (kJ/kg.K) 4.1796 
 
Table 9  and Figure 63 presents simulation results for the incoming irradiance of 800 W/m2 for 
the PV/TO model.  
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Figure 63: Temperature distribution for simulation 4 
 
5th Simulation  
 
Incoming heat flux: 1000 W/m2 
Table 10: Simulation 5 results 
Outlet Conditions 
Temperature (ºC)  37.22 
Volume flow rate (L/h)  59.75 
Mass flow rate (kg/s) 0.016567 
Velocity (m/s) 0.1137 
Pressure (Pa)  0.003311 
Area (m2) 0.000145 
Density (kg/m3) 998.201 
Specific Heat Capacity (kJ/kg.K) 4.1796 
 
Table 10  and Figure 64 presents simulation results for the incoming irradiance of 1000 W/m2 
for the PV/TO model.  
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Figure 64: Temperature distribution for simulation 5 
 
6th Simulation  
 
Incoming heat flux: 1000 W/m2 
Table 11: Simulation 6 results 
Outlet Conditions 
Temperature (ºC)  31.24 
Volume flow rate (L/h)  57.82 
Mass flow rate (kg/s) 0.016033 
Velocity (m/s) 0.1053 
Pressure (Pa)  0.057703 
Area (m2) 0.0001525  
Density (kg/m3) 998.2 
Specific Heat Capacity (kJ/kg.K) 4.1796 
 
Table 11  and Figure 65 presents simulation results for the incoming irradiance of 1000 W/m2 
for the PV/T model.  
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Figure 65: Temperature distribution for simulation 6 
 
Table 12: Summary of simulation results 
Incoming Heat 
Flux (W/m2) 
Fluid Inlet 
Temperature (ºC) 
Fluid Outlet 
Temperature (ºC) 
Volume Flow 
Rate (L/h) 
Thermal 
Efficiency 
(%) 
200 28 35.22 60 42.95 
400 28 35.75 60 46.10 
600 28 36.24 60 49.02 
800 28 36.74 60 51.99 
1000 28 37.22 60 54.85 
1000 28 31.24 60 19.26 
 
The summary of the simulation results is presented in Table 12 and illustrate the fluid inlet and 
outlet temperatures for different boundary conditions. The last simulation results in the table is 
for the PV/T model.  
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Table 13: Summary of calculated electrical and thermal efficiencies for all 6 simulations 
Incoming Heat 
Flux (W/m2) 
Electrical 
Efficiency  
Thermal 
Efficiency (%) 
Overall 
Efficiency (%) 
PV/TO model 
200 11.77  42.95 54.72 
400 11.77 46.10 57.87 
600 11.77 49.02 60.79 
800 11.77 51.99 63.76 
1000 11.77 54.85 66.62  
PV/T model 
1000 15.71 19.26 34.98 
 
Table 13 represents electrical and thermal efficiencies calculated at standard conditions for an 
irradiance of 1000W/m2 (full sunlight). Autodesk CFD does not model electrical performance 
of a PV/T and hence the module will be assumed to be operating at optimum conditions as per 
the design specifications.  
 
 
Figure 66: Heat flux as a function of temperature and thermal efficiency 
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Figure 66 shows the direct relationship between heat flux and thermal efficiency. For steady 
state modelling, heat flux is directly proportional to the thermal efficiency. This means that as 
the heat flux in the absorber increases, the temperature of the liquid increases and thus 
increasing thermal efficiency due to increased temperature difference between the inlet and 
outlet conditions.  
 
5.5 Economic Performance Analysis for PV/T and PV/TO Models Based on Design 
Concept 2 Simulations and Mathematical Models   
5.5.1 Typical Generic Household Water Requirements for the South African Context  
Demand for hot water/day/person: 100 L  
Number of people: 8  
Total demand per day: 800 L/day  
Unit cost of electricity: 118.56 cents/kWh  
 
In South Africa as per the requirements of the energy efficiency in buildings governments 
gazette, a minimum of 50% by volume of the average annual hot water demand shall be 
provided by other means outside resistance heating (SANS-204, 2011). One of the alternatives 
may include solar water heating. Suppose a certain residential building would like to archive a 
green building status which in most European countries relates to any building which covers 
its 80% of hot water demand by the use of renewable alternative.  
5.5.2 PV/TO and PV/T Model Size (Simulation)  
Rated Electrical Output (PV/TO): 137 W (54 cells, Vmp = 27.918V, Imp = 4.91A)  
Rated Electrical Output (PV/T): 183 W (72 cells, Vmp = 27.918V, Imp = 4.91A) 
 
Mean Outlet Temperature (PV/TO): 37.22 ºC 
Mean Outlet Temperature (PV/T): 31.24 ºC 
 
Capacity at Mean Irradiance: 60L/h  
Inlet Temperature: 28 ºC 
Maximum Ambient Temperature: 35 ºC 
Useful sun hours: 8 hours/day (summer time)  
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Useful Irradiance: 1000 W/m2 (full sunlight)  
Collection Area: 1.1644 m2 
 
Some of the procedure in the calculations were adopted from (Kaya, et al., 2013 ). The load 
produced by the PV/T and the PV/T collector calculated using Equation (4.94) developed from 
the models.  
𝑄𝑝𝑣/𝑡𝑜 = 𝑚𝑓 × 𝐶𝑝 × (𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛) 
 
Table 14: Summary of the initial  calculated parameters for PV/T and PV/TO 
 
Inlet 
Temperature 
(ºC) 
Outlet 
Temperature 
(ºC) 
Power 
Delivered 
(W) 
Utilization  
Temperature 
(ºC) 
 PV/T 28 31.24 225.51 50 
PV/TO 28 37.22 641.74 50 
 
Table 14 presents the summary of the calculated main parameters which are further analysed 
below. For the utilization temperature set at 50 ºC on average per day, the demand requirement 
load is 2 554.2 W. 80% of this load (2 043.36 W) is to be covered by the solar energy. 
Therefore, solar fractions for the two modules are calculated using the following equations 
developed from the mathematical models.  
 
The load required as per the set demand is given by Equation (4.100);  
𝑄𝑑𝑒𝑚𝑎𝑛𝑑 = 𝑚𝑓 × 𝐶𝑝 × (𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛) 
 
𝑇𝑓,𝑜𝑢𝑡  is the utilization temperature and 𝑚𝑓 is the total mass flow as per the demand 
requirement.  
And finally, the solar fraction is given by Equation (4.103);  
 
𝑓 =
(𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙 − 𝑄𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦)
𝑄𝑑𝑒𝑚𝑎𝑛𝑑
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Table 15: Summary of calculated parameters for solar fraction 
 Panel Requirements 
(n) 
Load Produced 
(W) 
Auxiliary Load 
(W) 
Solar Fraction 
(%) 
PV/T 9.06 (≈ 9) 2 029.59 524.61 79.46 
 
PV/TO 
3.18 (≈3) 1 925.2 628.98 75.37 
 
From the above calculations presented in Table 15, it is evident that 80% of solar fractions 
cannot be covered using both the PV/T and PV/TO modules for the calculated number of panels 
but 79.46% solar fraction for the PV/T is near the requirements hence the PV/T system for 9 
panels shall suffice.  The system needs some analysis on the effect of incorporating the fraction 
(+0.06 and +0.18) of rounding down to the nearest integer in the panel sizing for both the PV/T 
and PV/TO respectively. This however in sizing is effective so as to mitigate the surplus which 
could result and cause harmful stagnation temperatures to the thermal systems if not utilized. 
Table x below shows the solar fraction which could potentially be archived if those small 
fractions are used.  
 
Table 16: Summary of calculated parameters for solar fraction (optimum sizing) 
 Panel Requirements 
(n) 
Load Produced 
(W) 
Auxiliary Load 
(W) 
Solar Fraction 
(%) 
PV/T 9.06 (≈ 9) 2 029.59 524.61 79.46 
PV/TO 3.18 (≈4) 2 566.96 0 100.5  
 
Table 16 shows that if 4 panels for the PV/TO are used, 100.5% of the total energy demand 
can be achieved with a surplus of 12.77 W.  However, this is only feasible during the day if the 
total demand requirement usage is day hours beyond that, water from the thermal storage tank 
may lose heat and the temperature set point of 50ºC may not be maintained, this would still 
require an auxiliary equipment to bring up the temperature to the utilization set point during 
the night.  In order to reduce the overall system costs, the surplus should be used elsewhere 
otherwise the cost effectiveness of the system will be reduced over its lifespan as far as damage 
to the equipment components and maintenance costs is concerned but for a surplus of only 
0.5%, the system can still archive optimum lifecycle.  To meet the 80% energy requirements 
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using PV/T modules, 9 panels may be used avoid escalated costs if 10 panels are to be used. 
Similarly, the PV/TO module only covers 75.37% of the demand requirements and falls short 
by 4.63% if 3 panels are used, therefore 4 panels may be used for this system.  
5.5.3 Annual Energy Savings  
.  
Figure 67: PV/T system costs (Rodriguez-Hidalgo, et al., 2013) 
 
The system costs shown in Figure 67 are for 10 solar PV/T collectors serving a hot water 
demand of 1200L/day. The collectors and its accessories accounted for about half the system 
costs which ultimately means that the collectors are alone are expensive. This system design 
aimed to service the demand target for 80% of the total load. The rationale was to increase the 
total collection area as to meet the target and eventually save energy. An increase in the PV/T 
collection surface area produces a non-linear increase in total energy savings, this effect is as 
a result of the increase in the heat transfer average temperature in each loop, this simultaneously 
reduces both thermal and electrical efficiency. The effect ultimately means that the system 
efficiency will slightly decrease if the collection area is increased.  
 
It is imperative to determine the optimised factor for different PV/TO design based on thermal 
optimised area of the module and the efficiency of the cells used. This factor is used to 
determine how effective the optimised area is on the overall module performance. For this 
PV/TO design, the optimised area is about a quarter (1/4) of the total collection area of the 
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module. The optimised factor is determined using the following procedure, starting with the 
thermal optimised load determined using Equation (4.96);  
𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑜𝑝𝑡𝑖𝑚𝑖𝑠𝑒𝑑 = 𝑄𝑝𝑣/𝑡𝑜 − 𝑄𝑝𝑣/𝑡 
 
The power which would have been provided by the PV cells compromised for the integration 
of the optimised region of the PV/TO is expressed by Equation (4.97);  
 
𝑄𝑐𝑜𝑚𝑝𝑟𝑜𝑚𝑖𝑠𝑒𝑑 =  
𝑃𝑝𝑣 𝑟𝑎𝑡𝑒𝑑
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠
 
 
Finally, the optimised factor is expressed by Equation (4.98);  
 
𝑓𝑜𝑝𝑡𝑖𝑚𝑖𝑠𝑒𝑑 = 
𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑜𝑝𝑡𝑖𝑚𝑖𝑠𝑒𝑑 − 𝑄𝑐𝑜𝑚𝑝𝑟𝑜𝑚𝑖𝑠𝑒𝑑
𝑄𝑝𝑣/𝑡𝑜
 
 
 
Table 17: Summary of calculated parameters for optimised factor 
Thermal Optimised Load (W) Compromised Power (W) Optimised Factor 
416.23 46 0.58 
 
The design of the PV/TO alone ensures that thermal output is increased by over 150%. The 
thermal optimised factor (0.58 out of 1) as shown in Table 17 determines the contribution made 
by the optimised area which represents a quarter (1/4) of the module area for this design. Due 
to the fact that thermal conversions is greater than the electrical conversion for solar utilizing 
technologies, high optimised factors are expected. Using PV/TO systems for hot water and 
electrical demand purposes proves to be effective beyond reasonable doubt from the analysis. 
The module efficiency can be increased as the collector area remain unchanged (standard PV 
sizes) for the optimised thermal output. PV/T system costs will continue to be higher as the 
demand for hot water rises due to the incorporation of additional panels to balance the demand 
requirement. PV/T module costs are higher than the installation of the separate PV module and 
the flat-plate collector based on literature. PV/T designers focused more on the overall 
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efficiency per the collection area to sell their products which are entirely suitable for low 
thermal applications but at a higher cost. Customers are expected to get both thermal and 
electrical output of the individual panels from the PV/T panels, which is not the case. This 
limits or locks the potential for demand growth for this kind of technologies especially for 
regions where space is not a factor for the technology choice.  
 
Table 18: Summary of calculated parameters for PV/T and PV/TO 
 
 Panel 
Requirements 
(n) 
Load 
Produced 
(Wh/day) 
Auxiliary 
Load 
(Wh/day) 
PV Load 
Compromised 
(Wh/day) 
PV/T 
Thermal 
9.06 (≈ 9) 
16 236.72 4 196.88 - 
Photovoltaic 13 176 - - 
PV/TO 
Thermal  
3.18 (≈4) 
20 535.68 0 - 
Photovoltaic 4 384 - 1 472 W 
 
Table 18 presents a summary of calculated parameters for the two models being compared and 
analysed. The electrical energy required when the local power supply is used to cover the 
demand is in electric watt hours in which the conversion factor for thermal-electric may be 
introduced. Most customers are familiar with the utility scale that measures energy in 
cents/kWh which is basically electric and it eliminates or incorporates the thermal input to the 
power system. The panel also converts DC power into AC using an inverter with the most 
common efficiency of 80%. For the analysis in figure 66 below, factors mentioned above were 
not considered for simplicity purposes. The compromised PV power is the electric power taken 
away by the thermal part of the PV/TO system. The PV module is in its standard form is rated 
183 W (72 cells) and therefore 46 W is compromised and the panel is assumed to be running 
at near standard maximum operating conditions.  
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Figure 68: Thermal and Electrical Output of PV/T and PV/TO 
 
From the illustration presented in Figure 68, it can be seen that the PV/TO output is in excess 
to that of the PV/T. However, due to the increased collection area as a result of using 9 panels 
to produce the required outputs, the electrical efficiency is greater than that of the PV/TO which 
utilizes only 4 panels. The PV/TO can archive over 100% of the solar fraction with just 4 
panels, making the system much more competitive and cost effective since the overall PV/T 
costs are depended on the number of panels that are used to archive a certain output. For regions 
where there is a need for electricity only, a PV system is the best alternative to the electrical 
grid due to reduced costs per unit. For regions where there is demand for heat only, thermal 
system proves to be much more attractive due to its effectiveness in costs and thermal 
performance. For regions where there is a need for both heat and electricity, some would go 
for separate thermal and PV system, the PV/T system would have been the best alternative due 
to its increased performance in electrical output but the thermal output is compromised whereas 
the panel is more expensive than the costs of the combined technologies, researchers suggests 
its usefulness on regions where there is less space available on the roof for system installation.  
The challenges that have been mentioned pertaining the PV/T system may be eliminated by 
installation of the PV/TO system where the thermal output is improved and the overall system 
costs reduced due to the reduced dependency on the collection area. These systems will be 
desirable and cost competitive to the traditional thermal systems available in the market.  
 
5 926
4 809 
1 532 
7 497
1 600 
0
Thermal Output Electrical Output Auxiliary Output
Thermal and Electrical output of the modules (kWh/year) 
PV/T (9 panels)
PV/TO (4 panels)
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5.5.4 Additional Recommendations for PV/TO System Design  
 
 
Figure 69: PV/TO module front configuration and tubing arrangement 
 
Automatic temperature controlled valve is installed between the two inlets as illustrated in 
Figure 69 for uncontrolled or upset climatic conditions so as to allow for recirculation of water 
directly from the 2nd compartment only in extreme summer conditions and open the valve for 
recirculation during cloudy or fairly normal conditions (dual-recirculation pipe looping). The 
temperature set for the activation for the control of the valve will be the temperature at which 
the recirculating water no longer serve the desired heat transfer purpose (cool the cells) where 
heat will now be transferred from the liquid to the cells and thus decreasing the overall electrical 
power output. The reference temperature for this purpose is given by the temperature 
coefficient of 0.4%/ ºC common for most silicon PV cells. A manufacturer suggested based on 
experience, a temperature for maximum PV performance is around 32 ºC in the Northern Cape 
region, meaning that the corresponding thermal output could still be higher provided that the 
cells at that temperature are still tolerant to the related heat. This operation will see the 
controller closing the valve and utilizing inlet 1 for recirculated liquid temperatures less than 
32 ºC. The controller again will open the valve and utilize inlet 2 for recirculated liquid 
temperatures greater than 32 ºC. Water entering inlet 2 will not move to the undesired direction 
(towards inlet 1) due to the incorporation of a one-way flow connector at the interface region.  
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CHAPTER 6 - CONCLUSIONS AND RECOMMENDATIONS  
6.1 Conclusions  
From the survey findings, a higher percentage (94%) of respondents is achieved in the PV 
technologies in terms of active participation or interest in the technology. The technology that 
follows is flat-plate/evacuated tube collectors with 90% of the respondents agreeing to actively 
participating or developing interest in the technology within the last 12 months. The technology 
which came least was the PV/T technology with only 11% of the respondents agreeing to 
actively participating in PV/T related matters. Although the survey covered a small sample 
(100 participants) and only restricted to one country, it is evident that the development of this 
incredible PV/T technology restricts itself to market-ready individual PV and solar thermal 
technologies.  
 
Four tests were conducted to primarily investigate the effect of Peltier cooling method as 
applied to PV/TO design concept 1. The tests were further used to inform the final design of 
the PV/TO design concept 2 based on the results obtained. These tests represent three different 
PV cooling methods from the initial operating conditions so as to optimise performance of the 
PV/TO. The power increment from the initial conditions (22.48W) was by 4.05%, 3.96% and 
5.20% for water supply cooling, both water supply and Peltier effect cooling and Peltier effect 
cooling respectively. A new method to cool the PV surface was investigated were the Peltier 
was used and the results were about 1.1% higher to that of conventional cooling method. The 
Peltier cooling method improved the power output of the PV/TO module by 5.20% which is 
higher than conventional cooling method (water contained tubes) but since the Peltier effect 
cooling method only improves performance from conventional method by only 1.1% and 
requires external power source to run for the set period, it will not be incorporated in the final 
design concept 2.  
 
From the economic performance study supported by equations developed using mathematical 
and simulation models, PV/TO technology can archive over 100% solar fraction for the DHW 
demand requirement of 800 litres in a day using only 4 panels whereas PV/T technology for 
the same demand requirement and panel size archives just under 80% of the solar fraction using 
9 panels. The design of the PV/TO alone ensures that thermal output is increased by over 150%. 
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The thermal optimised factor (0.58 out of 1) calculated for this design determines the 
contribution made by the optimised area which represents a quarter (1/4) of the module area. 
The PV/TO design and performance analysis addressed inefficiencies of PV/T technologies 
identified in the literature and therefore aims to become cost competitive to the traditional solar 
thermal systems available in the market.  
 
As we embark on moving towards green economy as a country as indicated by the analysis of 
the IRP in chapter 5, the country needs to realise the renewable energy potential due to massive 
abundance in wind and solar resources. This ultimately means the country needs to become a 
hub for solar energy technological innovations in which this view is supported by the findings 
of this design study.  The IRP however supports generational mix which locks the potential for 
renewable energy to thrive based on the economic impact it would have through drastic 
transition to 100% renewables. This is due to abundance of coal resources in the country which 
currently drives the economic activities contributing more to the GDP growth. The PV/TO 
technology can therefore be used to cover over 80% of the DHW demand at a competitive 
market related price and provide electric power so as to relieve pressure from Eskom grid 
known for experiencing blackouts (load shedding).  
6.2 Recommendations  
It is recommended that collaboration is necessary with the University of Johannesburg to 
develop the prototype for commercial purposes. The manufacturing procedures recommended 
are of high precision machining and have costs associated with them.  
Further research development if necessary from other researchers is highly recommended for 
this technology and should be considered whether for academic or commercial purposes.  
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APPENDICES  
APPENDIX A: Summary of Survey Results  
 
Figure 70: Survey questions 
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Figure 71: Survey results (University of Johannesburg) 
Q1A Q1B Q2A Q2B Q3A Q3B Q4A Q4B
16 14 20 20 18 17 8 0
4 6 0 0 2 3 12 20
20 20 20 20 20 20 20 20
80% 70% 100% 100% 90% 85% 40% 0%
20% 30% 0% 0% 10% 15% 60% 100%
100% 100% 100% 100% 100% 100% 100% 100%
7 6 11 11 9 10 5 0
9 8 9 9 9 7 3 0
16 14 20 20 18 17 8 0
5 4 5 5 5 5 3 0
5 5 5 5 5 5 5 0
6 5 10 10 8 7 0 0
16 14 20 20 18 17 8 0
12 10 15 15 14 12 8 0
16 14 20 20 18 17 8 0
44% 43% 55% 55% 50% 59% 63% 0%
56% 57% 45% 45% 50% 41% 38% 0%
100% 100% 100% 100% 100% 100% 100% 0%
31% 29% 25% 25% 28% 29% 38% 0%
31% 36% 25% 25% 28% 29% 63% 0%
38% 36% 50% 50% 44% 41% 0% 0%
100% 100% 100% 100% 100% 100% 100% 0%
75% 71% 75% 75% 78% 71% 100% 0%
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Figure 72: Survey results (Tshwane University of Technology) 
 
Q1A Q1B Q2A Q2B Q3A Q3B Q4A Q4B
Yes 18 13 16 14 13 16 5 0
No 2 7 4 6 7 4 15 20
Total 20 20 20 20 20 20 20 20
Yes (%) 90% 65% 80% 70% 65% 80% 25% 0%
No (%) 10% 35% 20% 30% 35% 20% 75% 100%
Total (%) 100% 100% 100% 100% 100% 100% 100% 100%
Male 11 8 10 10 8 10 5 0
Female 7 5 6 4 5 6 0 0
Total 18 13 16 14 13 16 5 0
Mechanical Engineering 4 4 5 5 4 4 1 0
Electrical Engineering 5 4 5 5 5 5 4 0
Other (Engineering) 9 5 6 4 4 7 0 0
Total 18 13 16 14 13 16 5 0
>2 years of study 18 13 16 14 13 16 5 0
Total 18 13 16 14 13 16 5 0
Male (%) 61% 62% 63% 71% 62% 63% 100% 0%
Female (%) 39% 38% 38% 29% 38% 38% 0% 0%
Total (%) 100% 100% 100% 100% 100% 100% 100% 0%
0%
Mechanical Engineering (%) 22% 31% 31% 36% 31% 25% 20% 0%
Electrical Engineering (%) 28% 31% 31% 36% 38% 31% 80% 0%
Other (Engineering) (%) 50% 38% 38% 29% 31% 44% 0% 0%
Total (%) 100% 100% 100% 100% 100% 100% 100% 0%
0%
>2 years of study (%) 100% 100% 100% 100% 100% 100% 100% 0%
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Figure 73:Survey results (University of Witwatersrand) 
 
Q1A Q1B Q2A Q2B Q3A Q3B Q4A Q4B
Yes 20 18 20 20 18 18 10 2
No 0 2 0 0 2 2 10 18
Total 20 20 20 20 20 20 20 20
Yes (%) 100% 90% 100% 100% 90% 90% 50% 10%
No (%) 0% 10% 0% 0% 10% 10% 50% 90%
Total (%) 100% 100% 100% 100% 100% 100% 100% 100%
Male 8 8 8 8 8 8 4 0
Female 12 10 12 12 10 10 6 2
Total 20 18 20 20 18 18 10 2
Mechanical Engineering 5 5 5 5 5 5 4 1
Electrical Engineering 5 5 5 5 5 5 5 1
Other (Engineering) 10 8 10 10 8 8 1 0
Total 20 18 20 20 18 18 10 2
>2 years of study 15 13 15 15 15 15 10 2
Total 20 18 20 20 18 18 10 2
Male (%) 40% 44% 40% 40% 44% 44% 40% 0%
Female (%) 60% 56% 60% 60% 56% 56% 60% 100%
Total (%) 100% 100% 100% 100% 100% 100% 100% 100%
Mechanical Engineering (%) 25% 28% 25% 25% 28% 28% 40% 50%
Electrical Engineering (%) 25% 28% 25% 25% 28% 28% 50% 50%
Other (Engineering) (%) 50% 44% 50% 50% 44% 44% 10% 0%
Total (%) 100% 100% 100% 100% 100% 100% 100% 100%
>2 years of study (%) 75% 72% 75% 75% 83% 83% 100% 100%
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Figure 74: Survey results (Institutional professionals) 
Q1A Q1B Q2A Q2B Q3A Q3B Q4A Q4B
Yes 18 13 16 14 13 16 5 0
No 2 7 4 6 7 4 15 20
Total 20 20 20 20 20 20 20 20
Yes (%) 90% 65% 80% 70% 65% 80% 25% 0%
No (%) 10% 35% 20% 30% 35% 20% 75% 100%
Total (%) 100% 100% 100% 100% 100% 100% 100% 100%
Male 11 8 10 10 8 10 5 0
Female 7 5 6 4 5 6 0 0
Total 18 13 16 14 13 16 5 0
Mechanical Engineering 4 4 5 5 4 4 1 0
Electrical Engineering 5 4 5 5 5 5 4 0
Other (Engineering) 9 5 6 4 4 7 0 0
Total 18 13 16 14 13 16 5 0
>2 years of study 18 13 16 14 13 16 5 0
Total 18 13 16 14 13 16 5 0
Male (%) 61% 62% 63% 71% 62% 63% 100% 0%
Female (%) 39% 38% 38% 29% 38% 38% 0% 0%
Total (%) 100% 100% 100% 100% 100% 100% 100% 0%
0%
Mechanical Engineering (%) 22% 31% 31% 36% 31% 25% 20% 0%
Electrical Engineering (%) 28% 31% 31% 36% 38% 31% 80% 0%
Other (Engineering) (%) 50% 38% 38% 29% 31% 44% 0% 0%
Total (%) 100% 100% 100% 100% 100% 100% 100% 0%
0%
>2 years of study (%) 100% 100% 100% 100% 100% 100% 100% 0%
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Figure 75: Survey results (solar technology manufactures and installers) 
 
 
 
 
 
 
 
 
 
 
 
 
0 Q1A Q1B Q2A Q2B Q3A Q3B Q4A Q4B
Yes 20 20 20 20 20 20 11 4
No 0 0 0 0 0 0 9 16
Total 20 20 20 20 20 20 20 20
Yes (%) 100% 100% 100% 100% 100% 100% 55% 20%
No (%) 0% 0% 0% 0% 0% 0% 45% 80%
Total (%) 100% 100% 100% 100% 100% 100% 100% 100%
Male 10 10 10 10 10 10 6 2
Female 10 10 10 10 10 10 5 2
Total 20 20 20 20 20 20 11 4
Mechanical Engineering 4 4 4 4 4 4 4 2
Electrical Engineering 4 4 4 4 4 4 4 1
Other (Engineering) 12 12 12 12 12 12 3 1
Total 20 20 20 20 20 20 11 4
Experience Industry >5 years 15 15 15 15 15 15 8 4
Total 20 20 20 20 20 20 11 4
Male (%) 50% 50% 50% 50% 50% 50% 55% 50%
Female (%) 50% 50% 50% 50% 50% 50% 45% 50%
Total (%) 100% 100% 100% 100% 100% 100% 100% 100%
Mechanical Engineering (%) 20% 20% 20% 20% 20% 20% 36% 50%
Electrical Engineering (%) 20% 20% 20% 20% 20% 20% 36% 25%
Other (Engineering) (%) 60% 60% 60% 60% 60% 60% 27% 25%
Total (%) 100% 100% 100% 100% 100% 100% 100% 100%
Exeperience Industry >5 years (%) 75% 75% 75% 75% 75% 75% 73% 100%
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APPENDIX B: Summary of Simulation Results  
 
1st Simulation (200 W/m2) 
 
Figure 76: Additional temperature distribution view for simulation 1 
 
Table 19: Summary of simulation 1 results  
 
 
2nd Simulation (400 W/m2) 
 
Figure 77: Additional temperature distribution view for simulation 2 
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Table 20: Summary of simulation 2 results 
 
 
 
3rd Simulation (600 W/m2) 
 
 
Figure 78: Additional temperature distribution view for simulation 3 
 
Table 21: Summary of simulation 3 results 
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4th Simulation (800 W/m2) 
 
 
Figure 79: Additional temperature view for simulation 4 
 
Table 22: Summary of simulation 4 results 
 
 
5th Simulation (1000 W/m2) 
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Figure 80: Additional temperature distribution view for simulation 5 
 
Table 23: Summary of simulation 5 results 
 
 
6th Simulation PV/T (1000 W/m2)  
 
Figure 81: Additional temperature distribution view for simulation 6 
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Table 24: Summary of simulation 6 results  
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APPENDIX C: Summary of Recorded Experimental Results 
 
Table 25: Summary of recorded results for water supply tests 
 
 
Table 26: Summary of recorded results for water supply and Peltier effect tests 
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Table 27: Summary of recorded results for Peltier effect tests 
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APPENDIX D: General References  
 
 
Figure 82: Design concept 1 prototype 
 
 
Figure 83: IRP 2019 generational mix by 2030 ( (DMRE, 2019) 
